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I. SUMMARY

The Atlas-Centaur launch vehicles AC-13, AC-14, and AC-15, with Surveyor space-
craft V, VI, and VII, respectively, were successfully launched from the Eastern Test
Range to complete the Surveyor lunar landing program. AC-13 was launched Septem-
ber 8, 1967; followed by AC-14 on November 7, 1967, and AC-15 on January 7, 1968.
All three flights were flown using an indirect (parking orbit) mode of ascent wherein the
Centaur and Surveyor were first injected into a near circular 167-kilometer (90-n. mi.)
Earth orbit. After orbital coast periods of 7 minutes in duration for AC-13, 13 minutes
in duration for AC-14, and 22 minutes in duration for AC-15, the Centaur main engines
were restarted, and the spacecraft were inserted into the desired lunar transfer orbit.
Orbital insertions were very accurate and only slight midcourse velocity corrections
were required to place the Surveyors on the desired touchdown sites. All three Surveyors
successfully touched down on the lunar surface. Elapsed {ime for a Surveyor lunar tran-
sit was about 66 hours.

This report contains a summary evaluation of the Atlas-Centaur systems in support
of the last three Surveyor missions. Their flights were so similar that the results are
combined in a single report.






II. INTRODUCTION

Atlas-Centaur launch vehicles AC-13, AC-14, and AC-15 launched Surveyors V, VI,
and VII, respectively, from Cape Kennedy Complex 36. The launches occurred between
early September 1967 and early January 1968.

Centaur was first developed as a high-energy second stage for a modified Atlas mis-
sile. It underwent an extensive development program which was divided into two phases.
The first phase occurred from May 1962 to August 1965. In this phase, the Centaur dem-
onstrated the capability to perform a lunar mission using a single, continuous thrusting
period. This type of mission is called a direct-ascent mission. The second phase oc-
curred from April 1966 to October 1966. During this phase, the ability was developed to
perform a lunar mission using two distinct periods of thrusting separated by a coast
phase. The development of this indirect mode of ascent was undertaken to provide
greater launch flexibility than is provided with a direct mode of ascent. For example,
the direct-ascent mode restricts lunar launches to the summer months, while the
indirect-ascent mode permits launches every month of the year. In addition to providing
more potential launch days, the indirect mode of ascent allows longer launch windows on
each launch day. '

The first operational Atlas-Centaur vehicle used the direct mode of ascent and was
successfully launched in May 1966. Its payload was Surveyor I. Subsequently, vehicles
AC-T and AC-11 used the direct mode of ascent to successfully inject Surveyors II and IV
into the proper lunar transfer ellipses. These launches occurred in September 1966 and
July 1967, respectively. The flight of AC-12 with Surveyor III in April 1967 was the first
operational flight to use the indirect mode of ascent. In this indirect mode, the Centaur
fires for two distinct periods separated by a coast phase. During the coast phase, the
orbit of the Centaur vehicle is nearly circular at an altitude of 169 kilometers (90 n. mi. ).
The Centaur engine second firing then transfers the Surveyor from the nearly circular,
low-energy parking orbit to the highly elliptical, higher-energy lunar transfer orbit. The
last three Centaur-Surveyor missions, AC-13, AC-14, and AC-15, used the indirect
mode of ascent, '

The overall objectives of the Surveyor project were (1) to accomplish soft landings
on the Moon, as demonstrated by successful spacecraft operation subsequent to landing,
(2) to provide basic data in support of the Apollo manned lunar landing program, and
(3) to perform lunar surface operations designed to contribute new scientific knowledge
about the Moon and provide further data in support of Apollo. The role of Atlas-Centaur



in the Surveyor program was to support the Surveyor project in carrying out these design
goals.

This report presents a final performance evaluation of the AC-13, AC-14, and
AC-15 launch vehicles from lift-off through completion of the Centaur post-spacecraft-
separation retromaneuver.



ITI. LAUNCH VEHICLE DESCRIPTION

by Eugene E. Coffey

The Atlas-Centaur is a two-stage launch vehicle consisting of an Atlas first stage
and a Centaur second stage connected by an interstage adapter. Both stages are 3.05
meters (10 ft) in diameter, and the composite vehicle is 35.66 meters (117 ft) in length.
The vehicle weight at lift-off approximates 147 000 kilograms (324 000 lbm). The basic
structure of the Atlas and Centaur stages utilizes thin-wall, pressure-stabilized, main
propellant tank sections of monocoque construction.

The first-stage SLV-3C Atlas (fig. III-1) is 21.03 meters (69 ft) long. It is powered
by a Rocketdyne MA-5 propulsion system consisting of a booster engine with two thrust
chambers and with a total thrust at sea level of 149. 453x10% newtons (336 000 1bf), a sus-
tainer engine with a thrust at sea level of 257. 98><103 newtons (58 000 1bf), and two small
vernier engines each with a thrust at sea level of 2980 newtons (670 1bf). All engines use
liquid oxygen and RP-1 (kerosene) as propellants and are ignited prior to lift-off. The
booster engine thrust chambers are gimbaled for pitch, yaw, and roll control during the
booster phase of the flight. This phase is completed at booster engine cutoff, which oc-
curs when the vehicle acceleration reaches about 5.7 g's; the booster engine section is
jettisoned 3.1 seconds later, The sustainer engine and the vernier engines continue to
burn after booster engine cutoff for the Atflas sustainer phase of the flight. During this
phase the sustainer engine is gimbaled for pitch and yaw control, while the vernier en-
gines are gimbaled for roll control only, The sustainer and vernier engines fire until
propellant depletion. The Atlas is severed from the Centaur by the firing of a shaped-
charge system located on the interstage adapter. The firing of a retrorocket system then
separates the Atlas - interstage adapter from the Centaur.

The configuration of the Centaur second stage is shown in figure II-2. This stage,
including the nose fairing, is 14.63 meters (48 ft) long. Centaur is a high-performance
stage (specific impulse, approx. 442 sec) powered by two Pratt & Whitney RL10A-3-3
engines which generate a fotal thrust at sea level of approximately 133. 45><103 newtons
(30 000 1bf). These engines use liquid hydrogen and liquid oxygen as the propellants.

The Centaur main engines are gimbaled to provide pitch, yaw, and roll control during
Centaur powered flight. Fourteen hydrogen peroxide engines mounted on the aft periphery
of the tank provide various thrust levels for attitude control, propellant settling and re-
tention during the coast phase, and vehicle reorientation after spacecraft separation. The



Centaur hydrogen tank is shielded with four insulation panel sections, each 2. 54 centi-
meters (1 in.) thick. Each section consists of a polyurethane-foam-filled honeycomb
core, covered with fiber glass lamination. A fiber glass nose fairing is used to provide
an aerodynamic shield for the Surveyor spacecraft, guidance equipment, and electronic
packages during ascent, The insulation panels and nose fairing are jettisoned during the
Atlas sustainer phase.

The AC-13, AC-14, and AC-15 launch vehicles were designed for an indirect (park-
ing orbit) mode of ascent., For this mode of ascent, it was necessary to install a ''slosh'’
baffle in the hydrogen tank to damp disturbances in the liguid residuals at Centaur main
engine cutoff and during the low-gravity coast period. In addition, energy-dissipating
devices were installed in the propellant (fuel) return lines to reduce disturbances induced
by main engine cutoff.
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IV. MISSION PERFORMANCE

by William A. Groesheck

The Surveyor lunar landing program was completed with the launching of Atlas-
Centaur vehicles AC-13, AC-14, and AC-15. The AC-13 was launched at 0257 hours
(EST) on September 8, 1967; AC-14 at 0239 hours (EST) on November 7, 1967; and
AC-15 at 0130 hours (EST) on January 7, 1968. Launch vehicle system performance was
successful on all flights. Surveyors V, VI, and VII, respectively, were accurately in-
jected into the required lunar transfer orbit using an indirect (parking orbit) mode of as-
cent., Touchdown of the three Surveyors on the lunar surface was also successfully ac-
complished.

A compendium of the typical Atlas-Centaur mission profile and the Surveyor lunar
transfer trajectory are shown in figures IV-2 and IV-2. Listings of postflight vehicle
weights summary, atmospheric sounding data, Surveyor launch windows, and flight
events records are given in the TRAJECTORY AND PERFORMANCE section for AC-15
and in appendix A for AC-13 and AC-14.

The AC-13, AC-14, and AC-15 Atlas-Centaur flights were so similar that the follow-
ing discussion is centered around the AC-15 flight performance as being typical of all
three. However, any mission events peculiar to the other two flights are included when
appropriate.

ATLAS FLIGHT PHASE

Ignition and thrust buildup of the Atlas engines were normal, and the vehicle lifted off
(T + 0 sec) with a combined vehicle weight of 147 000 kilograms (324 000 1bm) and a thrust
to weight ratio of 1.22. Two seconds after lift-off, the vehicle started a programmed roll
from the launcher azimuth (fixed) of 105° to the required flight azimuth of 102.914%. At
T +15 seconds, the vehicle had rolled to the flight azimuth, and it began a preprogrammed
pitchover maneuver which lasted through booster engine cutoff. Pitch rate commands for
the pitchover maneuver were supplied to the flight control system by the Atlas displace-
ment gyros. The Centaur inertial guidance system was operating during this time, but
guidance-generated steering commands were not admitted to the flight control system un-
til after booster staging.



The preset Atlas pitch program used to command the vehicle during the booster
flight was augmented by incremental pitch and yaw inputs which acted to reduce vehicle
bending loads resulting from wind shear forces. This supplemental program, one of a
series selected on the basis of measured prelaunch upper air soundings, was stored in
the airborne computer. The incremental commands were then algebraically summed
with the fixed program commands issued by the Atlas flight programmer. Booster en~
gine gimbal angles for thrust vector control were accordingly reduced and did not exceed
2.0° (well within previous experience) during the atmospheric ascent.

Vehicle acceleration during the boost phase proceeded according fo the mission plan.
Centaur guidance issued the booster engine cutoff signal when the vehicle acceleration
reached 5.78 g's. Approximately 3 seconds later at T + 155. 5 seconds, the Atlas pro-
grammer issued the staging command, causing separation of the booster engine section
from the vehicle. Staging transients were small, and the maximum vehicle angular rate
in pitch, yaw, or roll did not exceed 2.03 degrees per second. Normal low-amplitude
""slosh' was excited in the Atlas liquid-oxygen tank but was damped out within a few sec-
onds. ‘

Vehicle steering by the inertial guidance system was initiated about 4 seconds after
Atlas booster staging. At the start of guidance steering, the vehicle was slightly off the
required steering vector by about 7. 2° nose low in pitch and 6. 4° nose right in yaw. This
error was within the expected dispersion limits, and the guidance system issued com-
mands to correct the error and to continue the pitchover maneuver during the Atlas sus-
tainer flight phase.

Insulation panels were jettisoned during the sustainer flight phase at T + 197.1 sec-
onds. The insulation panel assembly was completely severed in four sections along the
joint seams by a shaped charge, and the cut sections fell away from the vehicle, The
nose fairing unlatch command was given at T + 226. 4 seconds; the thruster bottles,
firing 0. 5 second later, rotated the fé.iring halves away from the vehicle. Vehicle angu-
lar rates, caused by the jettisoning of the insulation panels and nose fairing, were insig-
nificant. '

Sustainer and vernier engine system performance was satisfactory throughout the
flight, Sustainer engine cutoff was initiated at T + 248.7 seconds because of liquid-
oxygen depletion. '

Coincident with sustainer engine cutoff, the guidance steering commands to the flight
control system were discontinued, allowing the vehicle to coast in a nondisturbed flight
mode until Atlas-Centaur separation. The Atlas staging command was issued by the
flight programmer at T + 250.6 seconds. A shaped charge was fired to cut the interstage
adapter and sever the two stages. Eight retrorockets on the Atlas then fired to push the
Atlas stage away from the Centaur. Only minor disturbances were noted during the
staging sequences.,
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CENTAUR FLIGHT PHASE
Centaur Main Engine First Burn

The main engine start sequence for the Centaur stage was initiated prior to sus-
tainer engine cutoff. Propellant boost pumps were started at T + 214.5 seconds. The
required net positive suction pressure to prevent boost pump cavitation, during the near-
zero-gravity period from sustainer engine cutoff until main engine start, was provided by
increasing the ullage pressure in the propellant tanks with helium. Eight seconds prior
to main engine start, the Centaur programmer issued prestart commands for engine
firing. Engine inlet valves were opened to flow liquid propellants through the lines and
chill down the supply lines and engine turbopumps. Chilldown of the system was provided
to ensure liquid at the pump inlets and prevent cavitation of the turbopump while the en-
gines are accelerating. This engine conditioning made possible a uniform and rapid
thrust buildup after main engine start. At T + 260.2 séconds, the main engine start
command was issued by the flight programmer, and engine thrust increased to full flight
levels. "

Guidance steering for the Centaur stage was initiated at 4 seconds after main engine
start by the vehicle timer. Guidance steering commands were delayed until after the en-
gine start sequence 1o prevent excessive vehicle angular rates, which could be induced by
gimbaling the engines to correct for vehicle position errors. The total residual angular
rates and disturbing torques induced during this staging interval resulted in only a 2. 4°
vehicle drift off the steering vector in the pifch plane. This attitude drift error was
within the expeeted dispersions and was corrected within 4 seconds after start of guidance
steering.

Through the remainder of the Centaur main engine firing period, the guidance sys-
tem provided the necessary steering commands to acquire the injection velocity vector
for the desired parking orbit. At T + 593.2 seconds, the guidance computed velocity for
injection was attained, and the engines were commanded off. Orbital insertion at an alti-
tude of 162.9 kilometers (87.9 n. mi. ) occurred approximately 2040 kilometers (1100
n. mi.) southeast of Cape Kennedy at a velocity of 7380 meters (24 199 ft) per second.

Throughout the flight, the propellant utilization system performed satisfactorily and
accurately controlled the mixture ratio of propellants consumed by the engines.

Centaur Coast Phase

At main engine cutoff, the vehicle began a 22-minute orbitai coast. Guidance flight
control commands continued to maintain vehicle attitude and rate control by means of the
hydrogen peroxide engine system.
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Control of the propellants during the coast phase was successfully accomplished by
using energy-dissipating devices and a programmed low-level-thrust schedule. Propel-
lant tank configuration and propellant control technique for this phase of the mission were
the same as those successfully demonstrated on the AC-8 and AC-9 research and devel-
opment flights (refs. 1 and 2). Coincident with main engine cutoff, two 222-newton-
(50-1bf-) thrust engines were fired to provide an acceleration level of 6. 9><10°3 g's for
75.8 seconds, This thrust level suppressed any disturbance of the liquid residuals exci-
ted by engine shutdown transients and retained the propellants in the bottom of the tanks.
Energy-dissipating devices, such as slosh baffles around the hydrogen tank and diffusers
on propellant return flow lines into the tank, served to attenuate and dissipate the distur-
bance inputs to the residual propellants. After the first 75.8 seconds of the coast, the
liquid disturbances were damped out, and the thrust level was reduced to 26. 7 newtons
(6 1bf) or an acceleration of 4. 1x10”4 g's. This thrust was sufficient to retain the propel-
lants in a settled condition through the remainder of the coast.

Attitude control of the vehicle throughout the coast phase was achieved without inci-
dent. Disturbance torques were experienced, as on previous flights, during the firing
of the hydrogen peroxide engines for propellant settling. Control of the disturbances re-
quired a 50-percent duty cycle of the attitude control engines (ref. 1). Hydrogen venting
through the nonpropulsive vent system did not produce any disturbing torques on the ve-
hicle. Venting of the hydrogen tank during the coast phase occurred at about 600 seconds
after main engine cutoff when the ullage pressure increased to the regulating range of the
primary vent valve. Hydrogen gas was then vented intermittently as required to main-
tain tank pressure throughout the remainder of the coast. The 'oxygen tank was not vented
at any time during the coast.

Forty seconds prior to main engine restart, the thrust level on the vehicle was in-
creased to 444 newtons (100 1bf) to give added assurance of proper propellant settling.

At the same time, the hydrogen tank vent valve was closed, and the tank pressures were
increased by injecting helium gas into the ullage. The engine inlet valves were opened

17 seconds prior to engine start to allow liquid propellants to chill the propellant feed
lines and the engine turbopumps. Tank pressurization, thermal conditioning of the en-
gines, and control of the propellants throughout the coast phase, were all completely suc-
cessful and supported a restart of the main engines.

Centaur Main Engine Second Burn

The Centaur main engines were successfully restarted on command at T + 1939.3
seconds. At engine restart, all hydrogen peroxide engines were commanded off. At
4 seconds after engine start, Centaur guidance steering was resumed to steer the vehicle
toward the velocity vector required for injection of the spacecraft info a lunar infercept
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trajectory. All systems performed properly. At T + 2054.9 seconds, the required in-
jection velocity for the lunar intercept was attained, and the guidance system issued com-
mands to shut down the engines.

The propellant utilization system controlled propellant mixture ratio to an average
value of 5.03 to 1. Burnable residual propellants could have provided an additional 10.4
seconds of engine firing. This margin indicated an adequate propellant reserve and sat-
isfactory vehicle performance,

SPACECRAFT SEPARATICN

Coincident with the main engine second cutoff, the guidance steering commands were
temporarily discontinued, and the coast-phase hydrogen peroxide engines system was
again activated to maintain attitude control. Angular rates imparted to the vehicle by
engine shutdown transients were small and were quickly reduced to rates below the de-
sign threshold of 0.2 degree per second. The residual vehicle motion below the rate
threshold allowed only a negligible drift in vehicle attitude.

The Centaur with the Surveyor coasted in a near-zero-gravity field for about 61 sec-
onds. This time period was allowed to damp out any residual vehicle rates and to pre-
pare the spacecraft for separation. Commands were given by the Centaur timer to the
spacecraft to turn on transmitter high power, arm the spacecraft separation pyrotech-
nics, and extend landing gear and omnidirectional antennas. All commands were prop-
erly received by the spacecraft. '

At T + 2115. 3 seconds, the command for spacecraft separation was given. The hy-
drogen peroxide attitude control system was commanded off, the pyrotechnically operated
latches were fired, and the springs separated the Surveyor from the Centaur. Full ex-
tension of all three springs occurred within 1 millisecond of each other, and the separa-
tion velocity imparted to the spacecraft was about 0. 213 meter (0. 75 ft) per second. An-
gular rates of the spacecraft after separation did not exceed 0. 50 degree per second.
This rate was well below the allowable rate of 3.0 degrees per second.

CENTAUR RETROMANEUVER

Following spacecraft separation, the Centaur stage was commanded to perform a
reorientation and retrothrust maneuver. This maneuver was necessary to increase the
Centaur-Surveyor separation distance and thus eliminate the possibility of the Surveyor
star sensor acquiring the reflected light of Centaur rather than the star Canopus. A sec-
ond objective of the retromaneuver was to alter the Centaur orbit in order to prevent the
Centaur from impacting on the Moon.
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A guidance steering vector for the Centaur reorientation (turnaround) was selected
that was the reciprocal of the velocity vector at main engine second cutoff. Execution of
the turnaround was commanded 5 seconds after spacecraft separation at T + 2120. 3 sec-~
onds. The guidance system accounted for any vehicle drift after main engine cutoff and
issued steering commands which rotated the vehicle in the shortest arc from its actual
position to the new vector. Angular rates during the turnaround were limited to a maxi-
mum of 1.6 degrees per second.

About halfway through the turnaround, two 222-newton- (50 1bf-) thrust hydrogen
peroxide engines were fired for 20 seconds to provide additional longitudinal separation
from the spacecraft. This increased separation distance was necessary to minimize the
possible impingement of frozen particles on the spacecraft during the subsequent dis-
charge of residual Centaur propellants through the main engines. While these 222-
newton- (50-1bf-) thrust engines were firing, the exhaust plumes produced high impinge-
ment forces on the vehicle, causing a clockwise roll disturbing torque. To correct this
torque, the 15.55~ and 26.6-newton- (3. 5- and 6. 0-1bf-) thrust attitude control engines
were required to operate 50 percent of the time.

The turnaround maneuver was completed at about T + 2220 seconds, after rotating
the vehicle through 172°. After the retrovector was acquired, the attitude control sys-
tem maintained the vehicle on the vector within 1.5°.

At T + 2355 seconds, the retrothrust portion of the retromaneuver was commanded
by the Centaur timer. The main engines were gimbaled to aline the thrust vector with
the newly acquired steering vector, the engine prestart valves were opened, the residual
propellants were allowed to discharge through the engines. The propellant dischare pro—'
vided sufficient thrust to increase the separation distance from the spacecraft and to al-
ter the Centaur orbit in order to avoid impact on the Moon. The relative separation dis-
tance between the spacecraft and the Centaur at the end of 5 hours was 1423 kilometers.
This distance was about 4. 3 times the required minimum.

At completion of the retromaneuver at T + 2705 seconds, the hydrogen and oxygen
tank vent valves were enabled to the relief or normal regulating mode. A postmission
exercise was then conducted to determine the amount of residual hydrogen peroxide.
This test was accomplished by firing the 222-newton- (50-1bf-) thrust engines until the
hydrogen peroxide propellant was depleted. The engines fired for 50 seconds. For nor-
mal consumption, this firing time indicated a usable residual of about 16. 4 kilograms
(36. 2 1bm) of hydrogen peroxide at the end of the basic mission. Following this test, all
systems were deenergized, and the vehicle continued in orbit in a nonstabilized flight
mode.
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SURVEYOR LUNAR TRANSIT

The Surveyor VII was accurately injected into its lunar intercept trajectory. A lunar
touchdown at the design target site would have required only a slight midcourse velocity
correction of 0.33 meter per second (miss only) at 20 hours after injection. However,
after the vehicle was launched, a different target site was selected. An actual correc-
tion of 11.05 meters per second (for miss only) was made about 17 hours after lift-off in
order to impact the newly selected target. The Surveyor VII successfully touched down
on the lunar surface at 2005 hours eastern standard time.on January 9, 1968. Elapsed
flight time for the mission was about 66 hours. The actual touchdown point on the Moon
was at a position of 40. 92° South latitude and 11.45° West longitude. This position was
within 3 kilometers of the final targeted aiming point.
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V. TRAJECTORY AND PERFORMANCE

by John J. Nieberding
MISSION PLAN

The AC-13, AC-14, and AC-15 Atlas-Centaur flights were so similar that only a
typical Surveyor mission plan (AC-15) is presented.

The mission plan was to launch the Centaur-Surveyor into a nearly circular parking
orbit at an altitude of approximately 167 kilometers (930 n. mi.). The launch vehicle -
spacecraft combination then coasts for a period in the parking orbit under very low thrust
until restart of the Centaur main engines. A second main engine firing is necessary to
transfer the Centaur-Surveyor from the nearly circular, near-Earth parking orbit to the
highly elliptical lunar intercept trajectory. Following the Centaur second burn, the
spacecraft is separated. The Centaur then performs a retromaneuver to prevent impact
of the Centaur on the Moon and to minimize the possibility of the star sensor on the Sur-
veyor mistaking the light reflected from Centaur for the star Canopus.

The spacecraft flight sequence after separation consists of first executing an
antenna - solar panel positioning and Sun acquisition maneuver to establish the desired
attitude of the spacecraft roll axis and ensure an adequate supply of solar energy during .
the translunar coast period., After this attitude-stabilized coast phase, a midcourse tra-
jectory correction is performed at about 15 to 20 hours after launch. This midcourse
correction is followed by a second attitude-stabilized coast phase, and finally a terminal
descent phase for a controlled, soft landing on the Moon. Touchdown on the Moon occurs
after approximately 66 hours of flight.

‘TRAJECTORY RESULTS

The discussion in this section is generally centered around the trajectory and per-
formance data of AC-15 because this flight is typical of the AC-13, AC-14, and AC-15
flights. Trajectory data (figs. V-1 to V-10 and data tables V-1 to V-6) are presented
in this section. Corresponding data for AC-13 and AC-14 are included in appendix A,
The data for AC-13 and AC-14 are not discussed except in cases when the AC-15 trajec-
tory and performance data are not typical for these flights. Also included in appendix A
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are AC-13 and AC-14 flight events records, postflight vehicle weight summaries, and a
brief countdown history for AC-13, AC-14, and AC-15.

Lift-Off Through Atlas Booster Phase

Launch related data are summarized in the following table:

Units AC-13 AC-14 AC-15

Surveyor V |Surveyor VI|Surveyor VII

Launch day -—- 9/8/61 11/17/67 1/7/68
Launch time (EST) | --- [0257:01.257 | 0239:01.1 | 0130:00. 545
Launch complex - 36B 36B 36A
Flight azimuth deg 79. 517 82.995 102,914
Separated space- kg 1006 1007 1039
craft weight 1bm 2217 2219 2291

Atmospheric conditions at the launch site were determined by a series of weather
balloons sent aloft beginning about 18 hours prior to launch. Measured temperatures and
pressures are compared with values predicted on the basis of characteristic weather for
the Cape Kennedy area in figures V-1 and V-2, Wind speed and wind azimuth data as a
function of altitude are compared with expected data for the Cape Kennedy area in figures
V-3and V-4. The wind data plotted are actual data and should not be smoothed. Note
that, for the purpose of this report, wind azimuth is defined as the direction towards
which the wind is blowing. A wind azimuth of 90° , for example, is a wind blowing out of
the west, towards the east. Wind azimuth differs from wind direction by 180°.

Radar tracking data indicated that the AC-15 flight path during the Atlas booster
phase was very close to the predicted path. Maximum dynamic pressure occurred at
about T + 78 seconds; Mach 1 occurred at about T + 64 seconds. Time histories of dy-
namic pressure and Mach number are shown in figures V-5 and V-6. Atlas booster en-
gine cutoff occurred at T + 152.4 seconds, when the vehicle axial acceleration reached
5.78 g's (fig. V-T). This cutoff was 1 second earlier than predicted. The deviation of
actual trajectory parameters from predicted parameters at booster engine cutoff was as
follows:
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Units |Predicted | Actual

Altitude km 59.0 60.5
n. mi. 31.9 32.17
Surface range km 90.3 90.1

n. mi. 48.8 48.17
Earth relative velocity| m/sec| 2595 2588
ft/sec 8515 8490

These data show that there were no significant deviations from predictions. The slight
""lofting'* of the trajectory at booster engine cutoff resulted from the vehicle pitching
over 0.9° less than predicted. Consequently, the surface range was lower than expected.
Plots of altitude against time and altitude against surface range are presented in figures
V-8 and V-9.

Atlas Sustainer Phase

An abrupt decrease in acceleration occurred at T + 152. 4 seconds because the
booster engine cut off (fig. V-7). A small but sudden increase in acceleration occurred
3.1 seconds after booster engine cutoff when the booster engine section, weighing 3341
kilograms (7366 1bm), was jettisoned. Following booster jettison, the constantly de-
creasing vehicle propellant weight caused the thrust acceleration (axial load factor) to in-
crease smoothly, except for small perturbations caused by sudden weight losses when the
insulation panels (555 kg, 1224 1bm) and nose fairing (922 kg, 2032 lbm) were jettisoned
at T +197.1 and 226.9 seconds, respectively. Sustainer and vernier engine cutoff oc-
curred at T + 248.7 seconds, 0.7 second earlier than expected. At this time, the devia-
tion of actual from predicted trajectory parameters was as follows:

Units |[Predicted |Actual

Altitude km 134.4 |138.8
n. mi. 72.6 75.0
Surface range km 371.1 368.2

. n. mi. 200.5 198.9
Earth relative velocity | m/sec 3669 3644
ft/sec | 12 038 |11 957
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These data show that at sustainer engine cutoff the trajectory remained (as at booster en-
gine cutoff) slightly more '"lofted'’ than predicted. Consequently, the surface range was
less than expected. This '"lofting'’ also increased the velocity losses caused by gravity
and, thus, resulted in an actual velocity lower than predicted. The axial acceleration at
sustainer engine cutoff abruptly dropped to zero, thereby reflecting the end of thrust -
from the sustainer and vernier engines.

Centaur First Firing Phase

Atlas-Centaur separation is timed to occur 1.9 seconds after sustainer engine cutoff,
Consequently, because the cutoff was 0.7 second early, separation at T + 250.6 seconds
and Centaur main engine start at T + 260. 2 seconds were also 0.7 second early. Fig-
ure V-T verifies the early initiation of Centaur thrust. Subsequently, the uniformly de-
creasing Centaur propellant weight caused the axial acceleration to increase smoothly
(no sudden weight losses occur in this phase)until termination of the Centaur main engine
first firing at T + 593.2 seconds, 12.7 seconds later than expected. This firing was 13.4
seconds longer than predicted. A major contributing factor to the longer firing period
was lower than nominal Centaur thrust (PROPULSION SYSTEMS). This low-thrust effect
can be seen in figure V-10, where the actual inertial velocities are lower than predicted.
However, the longer Centaur firing increased the velocity to the required value at cutoff.
After main engine shutdown, two 222-newton- (50-1bf-) thrust hydrogen peroxide engines
were fired for a period of 75. 8 seconds to settle the propellants remaining aboard the
Centaur. The energy at which the Centaur main engines cut off was biased so that with
the additional energy.from the propellant settling engines, the proper total energy for an
approximately 167-kilometer (90-n. mi.) circular parking orbit was achieved. The orbit
actually achieved, referenced to a time 6.9 seconds after the settling engines were shut
down, is shown in table V-1.

Centaur Coast Phase

The duration of the coast phase between Centaur main engine first cutoff and Centaur
main engine second start varies as a function of the time of launch to account for the
Earth's rotation. The actual AC-15 coast time was 1346.1 seconds, compared to the
planned coast period of 1354. 2 seconds. (Coast periods for AC-13 and AC-14 can be ob-
tained from tables A-4, A-5, and A-6.) After the coast phase, the Centaur main engines
fired for the second time at T + 1939. 3 seconds.
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Centaur Second Firing Phase and Spacecraft Separation

The second firing of the Centaur engines accelerated the Centaur-Surveyor combina-
tion from the nearly circular parking orbit into the highly elliptical lunar transfer ellipse.
Centaur main engine second cutoff occurred at T + 2054.9 seconds and was 2.2 seconds
longer than expected. Following second cutoff the Centaur-spacecraft coasted for ap-
proximately 1 minute, and at T + 2115. 3 seconds the spacecraft was separated from the
Centaur. The Surveyor VII orbital parameters are presented in table V-2.

For an evaluation of launch vehicle injection accuracy refer to the section GUIDANCE
AND FLIGHT CONTROL SYSTEMS. A dicsussion of the spacecraft midcourse velocity
correction is presented in appendix A. The midcourse summary correction in appen-

dix A (provided for general interest only) summarizes the flight times, midcourse maneu-
vers, and landing conditions for Surveyors V, VI, and VII. The data presented in this
summary reflect the re-aiming of the Surveyor after launch and, consequently, differ
from the values shown in the GUIDANCE AND FLIGHT CONTROL SYSTEMS section.

Centaur Retromaneuver

At T + 2120. 3 seconds, the Centaur fired its hydrogen peroxide attitude control en-
gines to begin the retromaneuver. This retromaneuver was required to prevent impact
of the Centaur on the Moon and also to minimize the possibility of the Surveyor star sen-
sor mistaking the light reflected from Centaur for the star Canopus. . After the retro-
maneuver, the Centaur orbit was an ellipse of lower energy than that of the spacecraft.
The Centaur orbit is described in table V-3.
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TABLE V-1. - CENTAUR PARKING ORBIT PARAMETERS, AC-15

Parameter® Units Value

Time from 2-inch motion sec 675.9
Epoch (Greenwich mean time) hr 0.641:16.9 (Jan. 7)
Apogee altitude km 172.2
. n. mi. 93.0
Perigee altitude km 164.8
n. mi, 89.0
Injection energy, C, kz;z/ se2c2 -60. 9%

ft°/sec -65.57x10
Semimajor axis km 6541
n. mi. 3532
Eccentricity 0.00061
Orbital inclination deg 30.692
Period min 87.74
Inertial velocity at Centaur m/sec 7881, 04
main engine first cutoff ft/sec 25 856. 43
Earth relative velocity at Centaur | m/sec 7478, 37
main engine first cutoff ft/sec 24 535. 34
Geocentric latitude at Centaur deg, North 22.362

main engine first cutoff

Longitude at Centaur main engine | deg, West 60. 825

first cutoff

These parameters are based on tracking data.




TABLE V-2. - SURVEYOR ORBIT PARAMETERS, AC-15

Parameter Units Value
Time from 2-inch motion sec 3419.0
Epoch (Greenwich mean time) | hr 0727:00.0 (Jan. 1)
Apogee Altitude km 710 184
n. mi. 383 469
Perigee altitude km 170. 4
n. mi. 92
Injection energy, Cg krélz/sezc2 -1. 10%
ft®/sec -1.186x10
Semimajor axis km 361 555
n. mi. 195 224
Eccentricity ) 0.98189
Orbital inclination deg 30.699
Period days 25.04
Longitude of ascending node deg 8.858
Argument of perigee deg 228.02

TABLE V-3. - CENTAUR POSTRETROMANEUVER

ORBITAL PARAMETERS, AC-15

Parameter Units Value

Time from 2-inch motion sec (2819.0
Epoch (Greenwich mean time) | hr 0717:00.0 (Jan. T)
Apogee altitude km 447 575
n. mi. 241 671
Perigee altitude km 168.5
_ n. mi. 91.0
Injection energy, Cq kr;z/se???‘ -1. 7?1

ft“/sec -1.86215x10
Semimajor axis km 230 246
n. mi. 124 323
Eccentricity 0.97157
Orbital inclination deg 30.685
Period days 12.73
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TABLE V-4, - CENTAUR VEHICLE POSTFLIGHT WEIGHT SUMMARY, AC-15

Item Weight Item Weight
kg 1bm kg 1bm

Basic hardware: Centaur expendables:

Body 420 927 Main impulse hydrogen 2182 | 4811
Propulsion group 556 | 1226 Main impulse oxygen 11 076 |24 419
Guidance group 151 333 Gas boiloff on ground, hydrogen 4 8
Control group 69 152 Gdas boiloff on ground, oxygen 0 0
Pressurization group 84 185 Inflight chill hydrogen 32 1
Electrical group 130 286 Inflight chill oxygen 46 102
Separation group 3 81 Booster phase vent, hydrogen 24 53
Flight instrumentation 114 252 Booster phase vent, oxygen 30 66
Miscellaneous equipment 65 143 Sustainer phase vent, hydrogen 14 30

Sustainer phase vent, oxygen 27 60
Total 1626 | 3 585 Engine shutdown loss, hydrogen:

Jettisonable hardware: First 3 6
Nose fairing 922 | 2 032 Second 8 6
Insulation panels 555 | 1224 Engine shutdown loss, oxygen:

Ablated ice 23 50 First 8 18
Second 8 18

Total 1500 | 3306 Parking orbit vent, hydrogen 8 17
Parking orbit vent, oxygen 0 0

Centaur residuals: Parking orbit leakage, hydrogen 1 1
Liquid hydrogen 94 207 Parking orbit leakage, oxygen 1 2
Liquid oxygen 300 662 Hydrogen peroxide ' 89 196
Gaseous hydrogen 31 68 Helium 9 5
Gaseous oxygen 78 171
Hydrogen peroxide 19 41 Total 13 558 |29 889
Helium 2 4
Ice 5 12 Total tanked weight 17 213 | 37 945

: Ground vent 4 8
Total 529 | 1165
Total Centaur weight at lift-off 17 209 | 37 937
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TABLE V-5. - ATLAS VEHICLE POSTFLIGHT

WEIGHT SUMMARY, AC-15

Item Weight
kg 1bm
Booster jettison weight: 2 852 6 287
Booster dry weight 251 554
Oxygen residual 221 487
Fuel (RP-1) residual 17 38

Unburned lubrication oil

Total

Sustainer jettison weight: -

Sustainer dry weight 21718 5993
Oxygen residual ' 271 598
Fuel (RP-1) residual 93 " 206
Interstage adapter » 459 1012
Unburned lubrication oil i 15
Total 3 548 7 824

Flight expendables:

Main impulse fuel (RP-1) 37 849 83 443
Main impulse oxygen 83 798 184 743
Helium-panel purge 2 ' 5
Oxygen vent loss 7 15
Lubrication oil 84 185
Total 121 740 | 268 391

Ground expendables:

Fuel (RP-1) 256 564
Oxygen 789 1 740
Lubrication oil 1 3
Exterior ice 24 54
Liquid nitrogen in helium shrouds 113 250
Pre-ignition gaseous oxygen loss 204 450
Total 1387 3061
Total Atlas tanked weight 130 019 286 642
Ground run 1387 3 061
Total Atlas weight at lift-off 128 632 | 283 581
Spacecraft weight 1039 2291

Total Atlas-Centaur-Spacecraft lift-off weight | 146 880 323 809
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TABLE V-6. - FLIGHT EVENTS RECORD, AC-15

Event Programmer time, | Preflight time, | Actual time,
sec sec sec
Lift-off (2-in. motion) T+0.0 T+0.0 T +0.0
Start roll T +2.0 T+2.0 T +2.0
End roll T + 15.0 T + 15.0 T +15.0
Start pitchover T +15.0 T +15.0 T +15.0
Booster engine cutoff (BECO) BECO T + 153.4 T +152.4
Jettison booster engines BECO + 3.1 T + 156.5 T + 155.5
Jettison insulation panels BECO + 45 T + 198.4 T +197.1
Start Centaur boost pumps BECO + 62 ‘T +215.4 T + 214.5
Jettison nose fairing BECO + 75 T + 228.4 T +226.9
Sustainer engine cutoff (SECO); vernier engine cutoff| SECO T + 249.4 T +248.7
(VECO); start Centaur programmer
Atlas-Centaur separation SECO + 1.9 © T +251.3 T + 250.6
Centaur main engine first start (MES-1) SECO +11.5 T +260.9 T + 260.2
Centaur main engine first cutoff (MECO-1) MECO-1 T + 580.5 T + 593.2
Start propellant settling engines MECO-1 T + 580.5 T +593.2
Stop propellant settling engines; start propellant MECO-1 + 76 T + 656.5 T +669.0
retention engines
Stop propellant retention engines; start propellant MES-2 - 40 T +1894.7 T +1899.3
settling engines i
Start Centaur boost pumps MES-2 - 28 T +1906.7 T +1191.3
Centaur main engine second start (MES-2) MES-2 T +1934.7 T +1939.3
Stop propellant settling engine MES-2 T +1934.7 T +1939.3
Centaur main engine second cutoff (MECO-2) MECO-2 T +2048.1 T + 2054.9
Preseparation arming signal; extend landing gear MES-2 + 134 T + 2068.7 T + 2073.3
signal
Unlock omnidirectional antennas on signal MES-2 + 144.5 T +2079.2 T + 2083.8
High power transmitter on signal MES-2 + 165 T +2099.7 (a)
Spacecraft separate MES-2 + 176.0 T +2110.7 T + 2115.3
Start turnaround MES-2 +181.0 T +2115.7 T +2120.3
Start propellant settling engines MES-2 + 221.0 T +21585.7 T + 2160. 3
Stop propellant settling engines MES-2 + 241.0 T +2175.7 T +2180.3
Start discharge of Centaur residual propellants MES-2 + 416 T + 2350.7 T + 2355.3
End discharge of Centaur residual propellants; MES-2 + 666 T + 2600.7 T + 2605.3
start propellant settling engines
Energize power changeover MES-2 + 766 T +2700.7 T + 2705.3

9Undetermined because of noisy data.

ostmission hydrogen peroxide depletion experiment.
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Figure V-10. - Inertia velocity as function of time, AC-15. Note change inscale at 240 seconds.
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VI. LAUNCH VEHICLE SYSTEM ANALY SIS

PROPULSION SYSTEMS
by James A. Berns, Ronald W. Ruedele, Kenneth W. Baud, and Donald B. Zelten
Atlas Engines

System description. - The Rocketdyne MA-5 engine system used by the Atlas con-
sisted of a booster engine system, a sustainer engine system, a vernier engine system,
an engine start system, a logic control subsystem, and an electric subsystem. The sys-
tems are shown schematically in figure VI-1.

All engines were single-start, fixed-thrust rocket engines using liquid oxygen (oxi-
dizer) and RP-1 (fuel) as propellants. The engines were hypergolically ignited using
pyrophoric fuel cartridges. The pyrophoric fuel preceded the RP-1 into the combustion
chambers and initiated ignition with the liquid oxygen. Combustion was then sustained by

RP-1 and liquid oxygen. All thrust chambers were regeneratively cooled with RP-1.
The rated thrust values in newtons (Ibf) for these type engines approximate

Booster engine (two thrust chambers total) . . . ... . ... .. .. 1494x10° (336><103)
Sustainer engine (one thrust chamber) . . . . . . . . . . ..o oL 258><103 (58><103)
Vernier engines (two thrust chamberstotal) . . . . . . . . .. ... 5.96x10° (1. 34><103)

The booster engine system consisted of two gimbaled thrust chambers, one gas gen-
erator and two turbopumps, and a supporting control system. The sustainer engine was
a gimbaled engine assembly consisting of a thrust chamber, a gas generator, a turbo-
pump, and a supporting control system. The two vernier engines consisted of thrust
chambers, propellant valves, and gimbal assemblies. The engine start system consisted
of an oxidizer start tank, a fuel start tank, and the associated controls. In general,
during the ignition stage, the propellant tanks are pressurized; the gas generator igniters
are fired; propellants and the hypergolic fluids are introduced into the vernier, booster,
and sustainer thrust chambers; and combustion starts.

System performance. - Engine start and thrust buildup appeared normal, and engine
system requirements for start were adequately met, as given in table VI-1.

Booster engine system operation during these flights was satisfactory. Booster
engine thrust calculated from chamber pressure data is compared with predicted thrust
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levels in the following table. Booster engine cutoff times and axial acceleration are also
shown.

Units T + 10 sec Booster engine cutoff

T +153.2|T +153.2 |T +152.4
sec sec sec

AC-13 AC-14 AC-15 AC-13 AC-14 AC-15

Predicted N 1480 000 {1470 0001 330 000|1 690 000 |1 690 000 [1 690 000

thrust Ibf 334 000 331000| 330000, 381000| 382000{ 381000
Actual N 1 460 000 |1 480 000 |1 490 0001 670 000 |1 710 000 |1 700 000
thrust 1bf 329 000 334 000( 335000| 377000( 386000 383000
Acceleration| g's |-----~-~ | cmmmmmee | cemeees 5.73 5.76 5.78

Telemetered booster engine data are summarized in table VI-2.

The in-flight operation of the sustainer and vernier engines was also satisfactory.
Sustainer and vernier engine cutoff occurred due to liquid oxygen depletion as planned,
by activation of the pressure switches in the sustainer fuel injection manifold. Predicted
and actual combined sustainer and vernier engine axial thrust data are presented in the
following table. Actual thrust was calculated from flight chamber pressure data.

Thrust | Units T + 10 sec Booster engine cutoff Sustainer engine cutoff

T+153.2 |T+153.2 |T+152.4 | T +246.3 | T +245.8 T+ 248.7
sec sec sec sec sec sec

AC-13 | AC-14 | AC-15 | AC-13 AC-14 AC-15 AC-13 AC-14 | AC-15

Predicted| N 266 000 260 000 259 000 | 363 000 | 365 000 | 366 000 | 364 000 | 375 000 | 360 000
Ibf 59 100 59 000 58 900} 82 600 82 200 82 400 82 000 82 100 81 000

Actual N 254 000|266 000 261 000 | 365 000 | 374 000- | 362 000 | 361 000 | 368 000 | 356 000
1bf 57 300]| 59 100] 58600)] 83 100 84 100 81 500 81 200 82 700 80 100

Telemetered sustainer and vernier engine flight data are also summarized in table VI-2.
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TABLE VI-1. - ATLAS ENGINE SYSTEM REQUIREMENTS AT

ENGINE START, AC-13,

AC-14, AND AC-15

Parameter Units? | Value at engine start
AC-13 | AC-14 jAC-15
Booster gas generator liquid-oxygen | N/ cm2 459 451 446
regulator reference pressure psi 668 656 665
Sustainer gas generator liquid- N/ em? | 584 583 596
oxygen regulator reference psi 850 849 867
pressure
Booster engine turbine inlet temper- | K 293 zéz (b)
ature, number 2 turbopump Of 69 72 -—
Sustainer engine turbine inlet K 292 287 (o)
temperature Op 73 57 -
Liguid-oxygen temperature at fill K (c) 30 29
and drain valve oF -—- | -306 | -304

aa1 pressures are gage.
PData not taken.
®Malfunction in telemetry.
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TABLE VI-2. - ATLAS ENGINE SYSTEM PERFORMANCE, AC-13, AC-14, AND AC-15

Parameter Units® T + 10 sec Booster engine cutoffb Sustainer engineb cutoff
AC-13| AC-14} AC-15 | AC-13 | AC-14 | AC-15| AC-13] AC-14 | AC-15
Booster engine:
Number 1 thrust chamber:
Pressure N/em?| 384 404| 405| 384 404| 208| -oe-
psi 559 586 588 559 586 592 | ~-mm

Pump speed rpm 6490 63841 6421 6510 6364 | 6412 ceee | 2mmmem | mmmann

Oxidizer pump inlet N/cm2 43.4 43.4 45.5 60 60 53.8 | -—--c | memeoo fecmaao
pressure psi 63 63 66 87 87 86 | woom | memeec e

Fuel pump inlet N/Cm2 51.6 51.6 51.6 41.3 41.3 41.83| ---- | mmmmem feeeaaa
pressure psi 75 75 1 Kl 60 60 60| —omm | mecmee feemoee

Number 2 thrust chamber:

Pressure N/em?| 396 400| 408| 396] 400 408| —coc | mcccee feooes

psi 560 581 592 560 581 592 | ---- | mmemem | eem-ee

Pump speed rpm 6443 6191] 6399 | 6413| 6191} 6399) —-ov | aoomoe [eoooe-

Oxidizer pump inlet N/em?| 427 | 48.3 (c) 64| 64.8 ()] -
pressure psi 64 0 | ~ermmn 93 94 ()| ----

Gas generator combus- N/l:m2 371 372 376 381 372 376 | —--s | ~mmme |-
tion chamber pres- psi 539 540 545 554 540 545} mmme | wmmmmm fmmmeee
sure

Liquid-oxygen- N/em?| 473 464 465 465 458 455] ----
regulator reference |psi 686 872 675 876 665 665 ~---
pressure

Sustainer engine:
Chamber pressure N/cm2 483 483 482 477 479 488 463 479 475
psi 702 715 699 692 695 709 672 695 6588
Pump speed rPm 9975 | 10414 {10 228 | 10 034 | 10 384 | 10 258 | 9958 10 429 | 10 243
Fuel pump discharge N/cm2 618 651 621 618 651 614 618 646 614
pressure psi 898 945 900 898 945 890 898 937 890
Oxidizer regulator refer- ; N/ cm2 580 589 593 579 582 593 579 582 593
ence pressure psi 856 855 860 841 845 860 841 845 860
Gas generator discharge [N/ (:m2 460 441 441 460 441 441 460 441 441
pressure psi 669 640 640 669 640 640 660 640 640
Fuel pump inlet pressure N/cm2 85 52.4 54.5 48.3 46.9 48.3 33 34.5 33
psi 80 6 79 0 68 70 48 50 48
Oxidizer pump inlet N/cm2 46.1 46.1 46.1 84.6 86.8 66.8] 26.8 22.8 22.8
pressure psi 67 87 67 94 97 97 39 33 33

Vernier engine:

Engine 1 chamber N/cm2 165 176 181 165 176 181 165 126 181

pressure psi 240 256 262 240 256 262 240 256 262

Engine 2 chamber N/cm2 186 172 178 186 174 178 186 172 178

pressure psi 260 250 258 260 252 258 260 250 258

2an pressures are absolute.

Data points actually taken 2 sec prior to booster and sustainer engine cutoff.

®Data not taken.
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Centaur Main Engines

System description. - Two Pratt & Whitney RL10A -3-3 engines (identified as C-1
and C-2) are used to provide thrust for the Centaur stage. Each engine has a single
thrust chamber and is regeneratively cooled and turbopump fed. Propellants are liquid
oxygen and liquid hydrogen injected at an oxidizer-to-fuel mixture ratio of approximately
5 to 1. Engine rated thrust is 66 700 newtons (15 000 1bf) at an altitude of 61 000 meters
(200 000 ft) and a design combustion chamber pressure of 274 newtons per square centi-
meter (400 psi). The thrust chamber nozzle expansion area ratio is 57 to 1, and the
design specific impulse is 444 seconds.

These engines use a "'bootstrap'' process: pumped fuel is circulated through the
thrust chamber tubes and is then expanded through a turbine which drives the propellant
pumps (fig. VI-2). This routing of fuel through the thrust chamber tubes serves the dual
purpose of cooling the thrust chamber walls and adding energy to the fuel prior to ex-
pansion through the turbine. After passing through the turbine, the fuel is injected into
the combustion chamber. The pumped oxidizer is supplied directly to the combustion
chamber after passing through the prdpellant utilization (mixture ratio control) valve.

Thrust control is achieved by regulating the amount of fuel by~passed around the
turbine as a function of combustion chamber pressure. Ignition is accomplished by
means of a spark igniter recessed in the propellant injector face. Starting and stopping
are controlled by pneumatically operated valves. Helium pressure to these valves is
supplied through engine-mounted solenoid valves which are controlled by discrete com-
mands from the vehicle control system.

System performance, engine first firing. - In-flight turbopump chilldown was com-
manded 8.0 seconds prior to main engine first start for all flights. This chilldown was
accomplished by opening both the oxidizer and the fuel pump inlet valves. The oxidizer
passed through the pump and into the combustion chamber; the fuel flowed through the
pump and discharged through separate cooldown valves, one located downstream of each
pump stage (fig. VI-2). The chilldown successfully prevented cavitation of the turbo-
pumps during the engine start {ransients.

Main engine first start was commanded at T + 257.8, T + 257.3, and T + 260.2
seconds for AC-13, AC-14, and AC-15, respectively. The engine start transients
appeared normal. The start transient chamber pressure rises are presented in fig-
ures VI-3(a) to (f). Engine acceleration times and values of start total impulse are
presented in table VI-3(a). All values of differential impulse between engines were
within the allowable 3¢ limit of approximately 25 000 newton-seconds (5700 lbf-sec).

Fuel and oxidizer pump inlet conditions throughout the main engine first firing
durations are presented in figures VI-4(a) to (f). The pump inlet pressures and tem-
peratures indicated that the propellant pressures remained well above saturation at all
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times during engine operation. The margin between the steady-state operating limit and
the actual inlet conditions ensured satisfactory values of net positive suction pressure.

Steady -state operating conditions for the engine first firing are summarized and
compared with their predicted values in table VI-4. The values of main engine chamber
pressure at 90 seconds after main engine first start were below acceptance test levels
by 2.7 and 2. 7 newtons per square centimeter (3.9 and 3.9 psi) on AC-13, by 1.8 and
3.0 newtons per square centimeter (2.6 and 4.4 psi) on AC-14, and by 6.1 and 6. 3 new-
tons per square centimeter (8.8 and 9.1 psi) and AC-15, for the C-1 and C-2 engines,
respectively. A corresponding change in engine internal operating parameters sub-
stantiated an engine thrust shift on AC-15. On AC-13 and AC-14, however, the internal
'parameters did not substantiate a thrust shift. The variation in internal operating par-
ameters on AC-15 consisted of higher values of turbine inlet temperature and lower val-
ues of venturi upstream pressures and pump speeds than were experienced during the
acceptance tests. Engine thrust shifts were also noted during the flights of AC-9 and
AC-12. The exact cause for these shifts has not been found to date.

Main engine performance, in terms of thrust, specific impulse, and mixture ratio,
is shown in figures VI-5(a) to (f). Performance was calculated using both the Pratt &
Whitney regression and the characteristic velocity c* techniques. An explanation of
these techniques is given in appendix B of this report. During the first 90 seconds of
main engine operation, while the propellant utilization valves were ''nulled'', engine
performance should have been stable. However, the scatter in performance values for
the C* technique reflects the sensitivity of the chamber pressure data used in this
technique. The lower values of thrust for the c* technique are a reflection of the lower
than expected chamber pressure levels previously discussed (which are not used in the
regression technique). The performance changes during the latter portion of the first
firing (following main engine start +90 seconds) were normal and resulted from the oper-
ation of the propellant utilization system.

Main engine first cutoff was commanded at T + 587.0, T + 581.2, and T + 593.2
seconds for AC-13, AC-14, and AC-15, respectively. The engine systems responded
as expected to the cutoff commands. Engine cutoff total impulse values of 13 000,

12 900, and 13 700 newton-seconds (2920, 2900, and 3095 1bf-sec) were noted on AC-13,
AC-14, and AC-15, respectively. These values were all within the 3o tolerance limits.
The main engine first firing durations for AC-13, AC-14, and AC-15 were 329.2, 323.9,
and 333.0 seconds, respectively; these values were 9.0, 6.9, and 13. 4 seconds longer
than the predicted values. The indicated thrust shift on AC-15 would cause the engine
firing duration to increase by 7.9 seconds. However, no explanation is available for the
longer firing durations on AC-13 and AC-14, nor the remaining time on AC-15.

Coast phase. - Stainless-steel heat shields wereused on the engine pumps and the adja-
cent downstream plumbing to protect these areas from impingement heating by the ex-
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haust products of the hydrogen peroxide engines. An experiment was conducted on AC-14
and AC-15 in an attempt to further reduce the coast-phase heat input to the engine turbo-
pumps. A set of specially plated heat shields (gold internal surface and black external
surface) was used on the AC-14 C-2 engine and on the AC-15 C-1 engine. Two additional
temperature patches were provided on the C-1 engine for AC-14 and AC-15: one located
on the internal surface of the shield, and the other mounted on the nearest location of the
fuel turbopump surface immediately below. Table VI-5 compares the significant compo-
nent temperatures during the coast phases of AC-13, AC-14, and AC-15 with those of
AC-9 (a two-burn flight not employing engine heat shields). The times shown for the
coast phase in table VI-5 were selected primarily when the 222-newton (50-1bf) hydrogen
peroxide engines were cycled. The 222-newton (50-1bf) engines were commanded on for
the first 76 seconds following main engine first cutoff and for the 40-second period prior
to main engine second start. Although significant temperature reductions resulted from
the use of the heat shields, little additional reduction was observed with the plated shields.

Main engine second firing. - Because of the heat input to both the main engine turbo-
pumps and the propellant feedlines during the coast period, a longer prestart duration
(17 sec) was employed prior to main engine second start. For all three flights, engine
prechill was satisfactorily accomplished prior to the main engine start command.

Main engine start was commanded to T + 989.5, T + 1352.9, and T + 1939. 3 seconds
for AC-13, AC-14, and AC-15, respectively. The start transients for AC-13 and AC-15
were normal. However, that of AC-14 was not: a momentary cavitation of both oxidizer
turbopumps occurred while the engines were accelerating. Main engine chamber pres-
sure rise for all flights is presented in figures V-6(a) to (f). Nothing abnormal can be
seen in any of these figures, including those of AC-14. Engine acceleration times and
values of start total impulse are presented in table VI-3(b). All values were within their
expected tolerance limits. The only noticeable difference in the start transient on AC-14
was a delay in chamber pressure rise with respect to turbopump speed. Normally, cham-
ber pressure rises more rapidly in relation to pump speed during the second start trans-
ient than during the first start transient; on AC 14 this situation was reversed. Plots of
chamber pressure rise as a function of turbopump speed are presented in figures VI-7(a)
to (f). _

Fuel and oxidizer pump inlet pressure and inlet temperature data throughout the main
engine second firing durations are presented in figures VI-8(a) to (f). The more severe
dip in the oxidizer pump inlet conditions during the AC-14 start transient can be readily
observed. At all other times, the inlet pressures remained well above saturation.

The cause for the temporary oxidizer pump cavitation on AC-14 was considered to
be the result of insufficient ""burp'® pressurization of the oxygen tank. This combined
with warm propellants would cause the oxidizer boost pump to cavitate, which in turn
would cause the engine oxidizer pumps to cavitate momentarily during the high-flow
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acceleration period of the engine start transient. For AC-15, the ""burp'’ pressure level
was increased to prevent a recurrence of cavitation. This problem is further discussed

in the sections Centaur Boost Pump and Propellant Supply System and Centaur Pneumat-

ics.

Engine second firing steady-state operating conditions are summarized and compared
with their predicted values in table VI-6. The values of chamber pressure at 100 seconds
after main engine second start were greater than expectéd by 2.0 and 0.6 newton per
square centimeter (2.9 and 0.8 psi) on AC-13, less than expected by 3.4 and 1.4 newtons
per square centimeter (4.9 and 2.0 psi) on AC-14, and less than expected by 3.0 and
4.9 newtons per square centimeter (4.3 and 7.1 psi) on AC-15, for the C-1 and C-2
engines respectively. Only on AC-15 was any thrust shift substantiated by engine inter-
nal operating parameters.

Main engine second firing performance in terms of thrust, specific impulse, and
mixture ratio was calculated by the same techniques as for the engine first firing and is
presented in figures VI-5(a) to (f). The high mixture ratios and high thrusts at the start
of the second firing are a result of the oxidizer-rich propellant utilization valve settings
during this time. During approximately the last 25 seconds of the engine second firing,
the propellant utilization valves were again nulled. The difference in thrust values be-
tween flights, as calculated by the C* technique, are a direct reflection of the chamber
pressure levels as previously discussed.

Main engine cutoff was commanded at T + 1103.6, T + 1468.6, and T + 2054.9 sec-
onds for AC-13, AC-14, and AC-15, respectively. All engine systems responded as
expected to the cutoff commands. Cutoff total impulse was calculated to be 13 000
newton-seconds (2920 1bf-sec) on AC-13, 13 300 newton-seconds (2990 lbf-sec) on AC-14,
and 12 600 newton-seconds (2840 Ibf-sec) on AC-15. These values were within their 3o
tolerance limits. The respective main engine second firing durations were 114.1, 115.7,
and 115.6 seconds for AC-13, AC-14, and AC-15. These values were 1.2, 2.6, and 2.2
seconds longer than their respective predictions. The suspected thrust shift for AC-15
would account for approximately 1.4 seconds of its long burn time. No explanation is
available for the longer firing durations on AC-13 and AC-14, nor the remaining time on
AC-15.

Retromaneuver. - Significant engine component temperatures during the period
between main engine second cutoff and the initiation of the retrothrust operation are pre-

sented in table VI-5. The retrothrust was provided by opening the engine inlet valves
and allowing the propellants in the tanks to discharge through the main engines. Flow
through the engines was verified by pump inlet pressure and temperature measurements
following the retrothrust command (main engine second cutoff +300 sec). Liquid or two-
phase flow was indicated by the engine inlet temperature measurements throughout the
retrothrust operations. Engine pump inlet pressures closely correlated with propellant
tank ullage pressures.
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TABLE VI-3. - CENTAUR MAIN ENGINE STARTING CHARACTERISTICS

(a) Engine first firing

Characteristic

Units Engine
Cc-1 Cc-2 C-1 Cc-2 C-1 C-2
AC-13 AC-14 AC-15
Engine acceleration time| sec 1.58 | 1.62 1.50 1.50 1.49 1.44
Start total impulse N-sec |41 50035 300|43 10043 100 [45 10043 700
Ibf-sec | 9 320| 7940] 9 710 9690 |10 150} 9 820
(b) Engine second firing
Characteristic Units Engine
C-1 C-2 C-1 C-2 C-1 C-2
AC-13 AC-14 AC-15
Engine acceleration time| sec 1.50 } 1.55 | 1.50 | 1.45 1 1.60 | 1.50
Start total impulse N-sec |43 400 |42 600 {44 300 |43 000} 41 300 |45 200
Ibf-sec{ 9760 9 590 | 9 950 9 680{ 9 29010 180




TABLE VI-4. - CENTAUR MAIN ENGINE OPERATING DATA, ENGINE FIRST FIRING

Parameter Units | Expected value Main engine start +
90 sec 200 sec 320 sec
c-1 C-2 C-1 c-2 C-1 c-2

AC-13
Fuel pump inlet total pressure, N/cm2 17.2 to 24 21.6 21.2 20.4 20.4 19.0 19.9
absolute psi 24.9 to 35.3 31.4 30.8 29.6 29.6 27.6 28.9
Fuel pump inlet temperature K 20.3to 21.9 21.3 21.1 21.0 20.9 20.6 20.4
°r 36.5to 39.5 38.3 38.0 37.8 3.8 37.0 36.17
Oxidizer pump inlet total pressure, N/cm‘2 35.51t0 53.8 45.2 45.6 45.3 46.3 45.3 44.6
absolute psi 51.5to 78.0 65.8 | 66.2 65.7 67.1 65.7| 64.7
Oxidizer pump inlet temperature K 95.6 to 101.6 98.6 98.5 98.5 98.2 98.0 97.8
°n 172.0t0 183.0 | 177.6 | 177.3 | 177.4| 176.8] 176.3 | 176.0
Oxidizer pump speed rpm 212 1634347 |12 380 |12 280 |12 220 | 12 290 | 12 460 | 12 350
Fuel venturi upstream pressure, N/ cm2 250817 503.4 | 508.7 ] 502.5| 508.1| 506.2 | 509.5
absolute psi 2737425 730.1 | 737.8 1 728.8] 736.9| '734.2 | 738.9
Fuel turbine inlet temperature K 290712 203.4 | 211.1 | 200.0 204.9} 200.4 | 205.3
°r 2372122 366.1 | 380.0{ 360.1{ 368.9| 360.7 ] 369.5
Oxidizer injector differential pressure N/cm2 231, 746.9 32.2 25.6 30.2 26.8 32.9 25.6
psi 246410 46.6 37.2 43.7 38.8 47.8 37.1
Engine chamber pressure, absolute N/cm2 2970.8+3.7 266.8 | 268.9 | 385.7| 390.1{ 386.2 | 389.1
psi 2392.445.4 386.9 1 390.0 | 385.7] 390.1{ 386.2 | 389.1

AC-14
Fuel pump inlet total pressure, N/cm2 17.2 to 24.4 22.1 22.0 20.6 21.0 19.2 19.6
absolute psi 24.9 to 35.3 -32.0 31.9 29.3 30.5 27.9 28.4
Fuel pump inlet temperature K 20.3to0 21.9 21.6 21.6 21.2 21.3 20.8 20.9
°r 36.5t0.39.5 38.9 38.8 38.2 38.3 37.5 37.6
Oxidizer pump inlet total pressure, N/cm2 35.5t0 53.8 43.6 44.3 44.7 45.1 41.8 43.3
absolute psi 51.5t078.0 63.3 64.3 64.8 65.4 60.6 62.8
Oxidizer pump inlet temperature K 95.6 to 101.6 98.5 98.5 98.0 98.0 9.7 97.7
R 172.0to 183.0 | 177.3 | 177.3 | 176.6 | 176.7 | 175.9 | 175.9
Oxidizer pump speed rpm 212 163347 |11 920 |12 250 |11 900 | 12 300 | 11 900 |12 160
Fuel venturi upstream pressure, N/cm2 2508117 514.7 §521.1 | 514.5 } 521.4 | 510.9 | 516.2
absolute psi 2737425 746.5 [755.7 | 746.2 | 756.2 | 740.9 | 748.6
Fuel turbine inlet temperature K 290712 216.9 {213.4 | 213.0 | 207.5 | 215.6 | 212.9
°r 2372422 390.5 [384.2 | 383.5 | 373.6 | 388.2 | 383.2
Oxidizer injector differential pressure N/cm2 231.746.9 26.5 31.2 26.9 29.0 27.6 29.1
psi 246410 38.4 45.2 39.0 42.0 40.0 | 42.2
Engine chamber pressure, absolute N/cm2 2270. 823.7 268.3 1268.9 | 266.8 | 267.5 | 267.5 | 268.4
psi 2392.415.4 389.1 |390.0 | 386.9 | 387.9 | 387.9 | 389.3

AC-15
Fuel pump inlet total pressure, N/cm2 17.2 to 24.4 20.4 19.7 19.6 20.3 19.1 19.1
absolute psi 24.9 to 35.3 29.6 38.6 38.5 ] 29.4 27.7 21.17
Fuel pump inlet temperature K 20.3to 21.9 21.6 21.6 21.3 21.3 20.9 20.9
°r 36.51t0 39.5 38.8 38.8 38.3 38.3 37.6 37.6
Oxidizer pump inlet total pressure, N/cm2 35.5t0 53.8 44.3 44.0 44.1 44.7 46.8 45.1
absolute psi 51.5t0 78.0 64.3 63.9 64.0 64.17 67.9 65.4
Oxidizer pump inlet temperature K 95.6 to 101.6 98.3 98.4 98.0 98.0 97.5 97.5
°r 172.0 to 183.0 [177.0 |177.1 | 176.7 | 176.7 | 175.7 | 175.8
Oxidizer pump speed rpm 412 163347 |12 040 |12 010 |12 070 |11 860 {12 000 |11 810
Fuel venturi upstream pressure, N/ cm2 2508417 501.4 |494.0 | 504.3 | 494.7 | 496.6 | 490.0
absolute psi 737425 727.2 1716.4 [1731.4 | 717.5 | 720.3 | 710.6
Fuel turbine inlet temperature K 2207:12 214.9 |206.3 | 206.0 | 196.1 | 210.7 | 197.5
or 2372422 386.9 {371.4 | 370.8 | 353.1 | 379.3 | 355.5
Oxidizer injector differential pressure { N/ cm2 231.716.9 29.3 24.9 28.6 22.2 30.5 23.2
psi 2 246410 42.5 | 36.1 | 41.4 | 32.1 | 44.2 | 33.7
Engine chamber pressure, absolute N/cm2 2970. 8+3.7 264.5 {264.6 |263.6 | 265.3 | 265.5 | 264.2
psi 2392, 4+5. 4 383.6 |383.6 |383.7 | 382.3 | 385.0 |383.2

aExpected value with nominal inlet conditions and nulled propellant utilization valve angle.
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TABLE VI-6. - CENTAUR MAIN ENGINE OPERATING DATA, ENGINE SECOND FIRING

Parameter Units  Expected Main engine start +
50 sec 100 sec
C-1 c-2 c-1 Cc-2
AC-13
Fuel pump inlet total pressure, absolute N/cm2 16.6 to 27.1 26.0 25.4 21.1 21.9
psi 24.1t0 39.3 37.7 36.9 30.6 31.7
Fuel pump inlet temperature K 20.1to 24.1 18.5 18.9 20.9 20.8
°r 36.2 to 43.4 33.3 | 34.1 | 37.6 | 37.4
Oxidizer pump inlet total pressure, N/cm2 34.4 to 43.2 45.2 44.6 42.6 42.9
absolute psi 49.9to 71.2 65.5 | 64.7 61.8 62.1
Oxidizer pump inlet temperature K 95,0 to 99.6 98.0 97.6 97.0 96.9
) 171.0to 179.2 | 176.2 175.7 174.6 174.4
Oxidizer pump speed rpm 212 1634347 12 300 (12240 |12 360 [12 310
Fuel venturi upstream pressure, N/ cm2 2508417 507.1 507.7 506.1 512.2
absolute psi 2737425 735.4 | 736.4 | 734.0 | 742.8
Fuel turbine inlet temperature K 2907112 200.1 202.5 207.5 211.6
°r 2372122 360.3 364.6 373.5 380.9
Oxidizer injector differential pressure N/cm2 %31.7:6.9 31.6 25.5 32.9 26.2
psi 246410 45.9 | 37.0 | 47.7 | 38.0
Engine chamber pressure, absolute N/cm2 2970. 813,17 269.3 269.5 | 271.5 272.1
AC-14
Fuel pump inlet total pressure, absolute N/cm2 16.6 to 27.1 22.8 23.2 21.0 22.5
psi 24,11t0 39.3 33.0 33.7 30.4 32.6
Fuel pump inlet teriperature K 20.11t0 24.1 21.2 21.2 21.4 21.4
°R 36.2 to 43.4 38.1 38.2 38.4 38.5
Oxidizer pump inlet total pressure, N/cm2 34.4to 49.2 43.1 43.8 42.0 43.6
absolute psi 49,9 to71.2 62.5 63.5 61.0 63.2
Oxidizer pump inlet temperature K 96.0 to 99.2 97.5 97.5 96.9 97.0
°r 171.0to 179.2 | 175.5 175.5 174.4 174.5
Oxidizer pump speed rpm 219 163347 11 890 (12 120 |11 870 |12 140
Fuel venturi upstream pressure, N/(:m2 2508+17 513.4 526.2 511.3 518.2
absolute psi 8737425 744.6 763.2 763.2 751.5
Fuel turbine inlet temperature K 2907112 208.3 204.9 213. 7 212.4
: 2372422 375.0 |368.8 | 384.7 | 382.4
Oxidizer injector differential pressure | N/em® | 231.7s6.9 | 27.1 | 30.2 | 27.8 | 28.5
psi 246410 39.3 | 43.8 | 40.3 | 41.3
Engine chamber pressure, absolute N/cm2 2970, 8+3.7 267.7 271.7 266.7 270.6
psi 2392.4s5.4 | 388.3 |394.1 | 386.8 | 392.4
AC-15
Fuel pump inlet total pressure, absolute N/cm2 16.6 to 27.1 23.1 23.9 21.6 23.9
psi 24.1t039.3 33.5 34.17 31.4 34.6
Fuel pump inlet temperature K 20.1to 24.1 21.3 21.3 21.5 21.6
. °r 36.2:t0 43.4 38.4 | 38.4 | 387 | 38.8
Oxidizer pump inlet total pressure, N/cm2 34.4t0 49.2 43.9 44.6 43.2 43.2
absolute psi 49.9to0 71.2 63.6 64.6 62.6 62.6
Oxidizer pump inlet temperature K 95.0to0 99.6 97.8 97.6 97.0 97.1
°r 171.0t0 179.2 | 176.0 175.7 174.5 174.7
Oxidizer. pump speed rpm 212 163+347 [12380 |12 060 |11 960 |11 720
Fuel venturi upstream pressure, N/ cm2 2508417 504.2 498.5 503.4 | 491.5
absolute psi a737425 731.2 | 723.0 | 730.1 | 712.9
Fuel turbine inlet temperature K 2207+12 200.3 193.0 213.3 207.0
°r 379422 360.6 347.6 383.9 372.17
Oxidizer injector differential pressure N/ cm2 231.716.9 32.5 26.9 33.0 27.2
psi 246210 47.1 39.0 | 47.8 | 39.4
Engine chamber pressure, absolute N/ cm2 2970, 8+3. 7 269.2 | 267.2 | 267.6 265.9
psi 2392, 415.4 390.5 387.5 388.1 385.7

2pxpected value with nominal inlet conditions and nulled propellant utilization valve angle.
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Figure VI-2. - Centaur propulsion system; AC-13, AC-14, and AC-15.
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Figure VI-6. - Centaur main engine chamber pressure, second start
transients; AC-13, AC-14, and AC-15.
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{c) C-1 engine, AC-14.
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Figure VI-6. - Continued,
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Figure VI-1. - Centaur main engine accelerating character-
istics; AC-3, AC-14, and AC-15.
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Centaur Boost Pump and Propellant Supply System

System description. - A single boost pump is used in each propellant tank to supply
propellants to the main engine turbopumps at the required inlet pressures. Each boost
pump is a mixed-flow centrifugal type and is powered by a hot-gas-driven turbine. The
hot gas consists of superheated steam and oxygen from the catalytic decomposition of
90 percent concentration hydrogen peroxide. Constant turbine power is maintained on
each pump by metering the hydrogen peroxide through fixed orifices upstream of the
catalyst bed. A speed-limiting control system is provided on each turbine to prevent
. overspeed under abnormal operating conditions. The complete boost pump and hydrogen
peroxide supply systems are shown in figures VI-9 to VI-12. Flow from each boost
pump discharge is routed to the main engine pump inlet through insulated propellant
supply lines. Recirculation lines with flow-limiting venturis are connected to the supply
lines immediately upstream of the main engine inlet valves. The purpose of these re-
circulation lines is to remove trapped gases from the supply lines prior to main engine
first start and to aid in supply line chilldown prior to main engine second start. A sche- '
matic of the supply and recirculation lines is shown in figure VI-2. ‘

Boost pump performance. - Performance of the boost pumps was satisfactory during
both the first and second operating periods of all three flights (AC-13, AC-14, and
AC-15). Minor abnormal conditions were observed but had little effect on the overall
main engine and boost pump system performance. Boost pump start and cutoff times,
referenced to main engine start time, are listed in table VI-7 for all three flights.

The turbine inlet pressure delay times (time from boost pump start signal to time
of first indication of turbine inlet pressure rise) ranged from a minimum of 0.5 second
to a maximum of 1.2 seconds for all three flights. The liquid-oxygen boost pump turbine
inlet pressure transducer exhibited a very slow response to pressure changes during the
first operating period on AC-13 and during the second operating periods of AC-14 and
AC-15. This transducer completely failed to respond during the AC-15 first operating
period. It is believed that the improper functioning of this transducer was caused by
moisture (from the hydrogen peroxide decomposition products) freezing and blocking the
transducer sensing line. Corrective action has been taken for future flights to thermally
isolaté the sensing line from the liquid-oxygen tank with nonconductive clamps and in-
sulation blocks. ‘

Steady -state turbine inlet pressure values for all flights are compared with the ex-
pected values in table VI-8. Expected values were obtained from prelaunch acceptance
test data for each turbine. The flight turbine inlet pressures were within 1.5 percent of
the expected values for all flights.

A momentary decrease in turbine inlet pressures occurred shortly after main engine
second start on all three flights (figs. VI-13 and VI-14). This same phenomenon has
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been observed on previous two-burn flights. The greatest reduction in pressure on
AC-13, AC-14, and AC-15 was approximately 50 percent of the steady-state pressure.
The longest duration of reduced pressure was approximately 3 seconds. The momentary
decrease in turbine inlet pressure has been attributed to entrainment of a small amount
of gas into the liquid flow from the hydrogen peroxide supply bottle. The configuration of
the hydrogen peroxide supply bottle is such that a small quantity of gas could be trapped
at the top of the bottle. This small quantity of gas was probably dislodged by disturb-
ances during the engine start transient and was subsequently entrained in the liquid flow
to the boost pumps. The assumption that the gas bubbles were dislodged by disturbances
at main engine start is substantiated by calculated times of 3 and 10 seconds for a bubble
to flow from the hydrogen peroxide supply bottle to the liquid-oxygen and liquid-hydrogen
boost pump turbine catalyst beds, respectively. To simplify the calculations it was
assumed that a gas bubble would move at the same velocity as the fluid flow velocity.
From figures VI-13 and VI-14, it is apparent that the first bubbles arrived at the turbine
catalyst beds at 7 seconds (oxidizer boost pump) and at 11 to 13 seconds (fuel boost pump)
after main engine start signal. The longer gas flow times for the flight case can be
partially attributed to the fact that gas bubbles do not move at the same velocity as the
fluid, but actually move more slowly since their movement is dependent on the drag
forces produced on the bubble by the fluid stream.

The momentary decreases in turbine inlet pressure had little effect on the boost
pump performance. The largest effect was on the AC-14 liquid-hydrogen boost pump,
where a speed decrease of approximately 1200 rpm was noted. This speed decrease did
not affect main engine performance.

Boost pump turbine data are presented in figures VI-15 and VI-16 for the first
operating period, and in figures VI-17 and VI-18 for the second operating period, for
all flights. As shown in these figures, the initial acceleration of each boost pump to
full operating speed prior to main engine start was almost identical on all flights. The
small deviation in steady-state turbine speeds (after main engine start) for the three
flights was due to the differences in turbine power calibration. Steady-state turbine
speeds are compared to the expected values (expected values were obtained from pre-
launch acceptance test data for each turbine) in table VI-8. As shown in the table, the
actual flight values were consisfently higher than the expected values (maximum differ-
ence was approximately 5 percent higher than expected speeds for AC-13). These dif-
ferences may be partially attributed to the accuracy of the telemetry and instrumentation
system. However, the fact that the flight speeds were consistently higher than the
ground test values indicated that the higher flight turbine speeds were probably valid.
This latter position has been substantiated by previous flights where higher than expected
turbine speeds were also noted, and were accompanied by a higher than expected pressure
rise across the pumps. We believe that this shift in turbine performance is primarily
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caused by the inability to exactly duplicate the flight conditions during ground test cali-
bration of each boost pump (simulation of backpressure at the turbine exhaust, hydrogen
peroxide supply flow rate, liquid propellant flow rate through the pump, etc.).

Liquid-hydrogen and liquid-oxygen boost pump turbine bearing temperature data
are presented by figures VI-19 and VI-20, respectively, for all three flights. The first
and most significant rise in temperatures occurred during the first boost pump operating
periods. During the coast periods, the temperatures continued to rise, but at a slower
rate, as a result of heat transfer from the hot turbine rotor and exhaust casing. During
the second operating period, the temperature rise rates again increased until termination

~of the second operating period. For a short period of time following the boost pump
second cutoff, the temperatures continued to rise as a result of the heat transfer pre-
viously mentioned. Subsequently, a very slow decrease in temperatures occurred as the
hot turbines gradually cooled because of thermal radiation to the space environment,

As previously discussed in the section Centaur Main Engines, a momentary cavita-
tion of both main engine oxidizer turbopumps occurred during the high-flow acceleration
period of the second engine start on AC-14. A similar, but more severe, cavitation of
the main engine oxidizer turbopumps occurred on the AC-6 flight during main engine
first start (ref. 3). The AC-6 problem was attributed to insufficient pressurization of
the ligquid-oxygen tank. The lack of sufficient pressure in the tank resulted in oxidizer
boost pump cavitation, and subsequent cavitation of the main engine oxidizer turbopumps.

We believe that the AC-14 engine pump cavitation problem was also caused by in-
sufficient oxidizer tank pressurization and subsequent boost pump cavitation. On AC-6,
a significant increase in oxidizer boost pump turbine speed occurred during the time of
main engine turbopump cavitation (main engine start + 1.2 sec); no increase was noted
on AC-14. A boost pump turbine speed increase at this fime in the start sequence is
strong evidence of boost pump cavitation.

An analysis of the AC-14 data at 1.2 seconds after main engine start revealed that
the ullage pressure was 0.1 newton per square centimeter (0.2 psi) less than the satu-
ration pressure of the fluid at the boost pump inlet. The boost pump inlet pressure must
be at least 0.27 newton per square centimeter (0.4 psi) greater than the saturation pres-
sure to prevent pump cavitation. Based on this analysis, it was concluded that insuffi-
cient tank pressurization was the most likely cause of the AC-14 problem. The pres-
surization flow to the liquid-oxygen tank was increased on AC-15 to ensure sufficient
pressure at the boost pump inlet. This corrective action appeared to be satisfactory
since there was no recurrence of the cavitation problem on AC-15. The oxygen tank
ullage pressures, the fluid saturation pressures at the liquid-oxygen boost pump inlet,
and the differences between ullage and saturation pressures are given in the following
table for the AC-13, AC-14, and AC-15 flights:
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Units AC-13 | AC-14 | AC-15

Tank ullage absolute N/ em? | 21.37 | 21.1 22.0
pressure, Pu psi 30.9 30.5 31.9
Boost pump inlet saturation| N/ cm? | 19.6 21.2 21.0
absolute pressure, P, psi 28.4 30.7 30.4
Pressure difference, N/cm2 +1.17 -0.1 +1.0
Pu - PS psi +2.5 -.2 +1.5

Propellant supply lines. - A problem unique to the use of cyrogenic propellants for a
two-burn vehicle is the required thermal preconditioning of the propellant supply lines
and engine turbopumps prior to the main engine second start. Solar and Earth thermal
radiation results in heating of these components during the coast phase. Unless these
components are adequately cooled, main engine turbopu_mp cavitation may occur during
the second start sequence.

Cooling of the propellant supply lines and main engine turbopumps is accomplished
on Centaur by opening the main engine inlet valves. This permits liquid oxygen and
liquid hydrogen to flow through the supply lines and engine turbopumps.

Ground testing of the combined engine and propellant supply systems prior to the
AC-13 flight (utilizing maximum predicted component temperatures for the tests) was
conducted to determine an acceptable second-start prechill sequence. From these tests
it was determined that a period of 17 seconds provided satisfactory chilldown. This
17-second prechill period was used on the AC-13, AC-14, and AC-15 flights for the
second start sequence. ' .

Temperature transducers were located in the propellant supply lines immediately
upstream of the engine turbopump inlet valves on AC-13, AC-14, and AC-15. These
transducers generally indicate the presence of liquid when they are on-scale, and gas
conditions when they are off-scale high. A sudden rise in temperature towards off-scale
high can be interpreted as local evaporation of the cryogenic liquids in the line. A sud-
den decrease in temperature from off-scale high can be interpreted as the replacement
of the gas by liquid. The response of these transducers during the coast and restart
sequence gave a relative indication of the amount of heat input to the propellants in the
supply lines, and of the amount of heat absorbed by the propellant supply lines during
the coast period.

Unfortunately, no data were obtained from these transducers on the AC-13 and
AC-14 flights during the time periods of most interest (due to either no telemetry cov-
erage or poor quality data). However, the desired data were obtained during the AC-15
flight. The usable data from each flight are compared in figure VI-21. On the AC-13
flight, the coast period was very short, which resulted in only the liquid-hydrogen lines
drying at the engine inlets during the coast. On the AC-14 flight, the coast period was
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approximately twice as long as on the AC-13 flight and resulted in local drying of the
liquid-hydrogen lines and the C-1 engine liquid-oxygen line. The duration of the AC-15
coast period was more than three times that of the AC-13 flight and resulted in local
drying of all lines. Liquid conditions were reestablished at the engine inlets on all
three flights well in advance of main engine second start. Liquid conditions were re-
established on the C-1 liquid-oxygen line on AC-14 and AC-15 by the slight increase in
longitudinal acceleration produced when the two 222-newton- (50-1bf-) thrust propellant
settling engines were activated prior to boost pump second start. In all other caSes,
liquid conditions were reestablished either before, or a few seconds after, the initiation
. of the in-flight chilldown period. It was concluded from these data ( and similar data
from previous Centaur two-burn flights) that, for coast periods of as long as 25 minutes,
only 3 or 4 seconds of the in-flight chilldown period is required to assure liquid condi-
tions at the engine inlets.

TABLE VI-7. - CENTAUR BOOST PUMP START AND CUTOFF TIMES

AC-13 AC-14 AC-15

Time of boost pump first start referenced MES-1 - 42.8 | MES-1 - 41.9 | MES-1 - 45.7
to main engine first start, sec
Time of boost pump first cutoff referenced MES-1 + 329.3| MES-1 + 323.9 | MES-1 + 332.9
to' main engine first start, sec
Time of boost pump second start referenced | MES-2 - 28 MES-2 - 28 MES-2 - 28
to main engine second start, sec
Time of boost pump second cutoff referenced | MES-2 + 114.1{ MES-2 + 115.7 | MES-2 + 115.6
to main engine second start, sec
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TABLE VI-8. - COMPARISON OF EXPECTED AND FLIGHT CENTAUR BOOST

PUMP STEADY-STATE TURBINE PERFORMANCE

Data Source

Liquid-oxygen boost

pump turbine

pump turbine

Liquid-hydrogen boost

Turbine inlet absolute | Turbine | Turbine inlet absolute | Turbine

pressure speed, pressure speed,

N/ cm? psi e N/ cm? psi e

AC-13 Flight values from first 64.6 93.7 34 200 65.6 " 95.4 42 050
operating period

Flight values from second 64.6 93.7 34 200 65.6 95.4 42 750

operating period ’

Expected values from ground 65.5 95.0 32 600 66.4 96.3 40 500
calibration tests

AC-14 Flight values from first 65.6 95.5 33 500 67.17 98.3 40 300
operating period

Flight values from second 64.9 94.2 34 100 67.7 98.3 40 600
operating period

Expected values from ground 65.2 94.7 33 500 67.8 98.4 39 400
calibration tests

AC-15 Flight values from first (a) (a) 34 000 67.5 98.0 41 700
operating period

Flight values from second (a) (a) 34 000 67.2 97.5 41 700
operating period

Expected values from ground 65.1 94.4 33 500 68.1 98,17 40 250
calibration tests

ANo data due to transducer failure.
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_ Figure VI-1L

- Centaur liquid-hydrogen boost pump and turbine cutaway; AC-13, AC-14, and AC-15.
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Figure V1-12, - Centaur liquid-oxygen boost pump and turbine cutaway; AC-13, AC-M, and AC-15.



Absolute pressure, psi

Absolute pressure, psi

150r—
100f—
50—
0 L
B0— L
(=]
=
00— &
2
8
50— ;
=
o 2
150— 100 —
100—
50—
o— 0 l | L l |
10 12 14 16 18 20
Time from main engine second start, sec
{c) AC-15 flight,

Figure VI-13. - Centaur liquid-hydrogen boost pump tur-
bine inlet pressure comparison during main engine
second firing; AC-13, AC-14, and AC-15.

IBOF‘ NE 100—
=2
00— & [ a
2
& 50—
50— =
£ |
[=]
5. 6 7 8 9 10

Time from main engine second start, sec

Figure VI-14. - Centaur liquid-oxygen boost pump tur-
bine inlet pressure during main engine second firing,
AC-13, Data for AC-14 and AC-15 are not available
because of a transducer failure.



82

Turbine speed, rpm

Turbine speed, rpm

in-flight

ch

40—

T

10° AC-14
S{aﬁ { AC-15—~ Ve

Main
engine

/—Note change in scale

| | | |

2 40 60 ) 100 200 300 400
Time from boost pump first start, sec

Figure VI-15. - Centaur liquid-hydrogen boost pump turbine speed comparison, first operating period;

AC-13, AC-14, and AC-15.

AC-13™ L7AC-13 Main engine start

AC-M« — AC -15 Ma in
engine
cutoff

ilidown

/-Note change in scale

| l l |

20 40 &0 30 100 200 300 a0 -

Time from boost pump first start, sec

Figure VI-16. - Centaur fiquid-oxygen boost pump turbine speed comparison, first operating period;

AC-13, AC-14, and AC-15.



Turbine speed, rpm

Turbine speed, rpm

50x10% O AC-13
v AC-14
0O AcC-15
40
30
20
Main engine
10 o . cutoff —\\\
~Start in-flight chilldown Note change >
\/ P/—Main engine start  in scale —. | o
~
| I l l 4 1 |
0 20 40 60 80 100 300
Time from boost pump second start, sec
Figure VI-17. - Centaur liquid-hydrogen boost pump turbine speed comparfson,
second operating period; AC-13, AC-14, and AC-15, No data coverage on AC-14
until main engine start,
50103
Flight
O AC-13
v AC-14
40
30
20
) Note change
10 Start in-flight in scale— .
, ~chilldown,_ .. \ [Main
e ~~Main engine \ engine
r }/ start 1 ( cutoff
I I l l I
0 20 40 60 80 100 200 300
N Time from boost pump second start, sec

Figure VI-18. - Centaur liquid-oxygen boost pump turbine speed comparison,
second operating period; AC-13, AC-14, and AC-15. No data coverage on
AC-14 until main engine start.

83



Temperature, °R

Temperature, °R

84

800

700

600

500

800

700

600

500*

Temperature, K

Temperature, K

e

60— Flight
O AC-13
] AC-14
a0l— A AC-15 y
————— No data coverage or /
data invalid >
380+—

3401 AC-13, AC-14,

AC-13, AC-14, AC-15 boost pump first cutoff

AC-13 boost pump second start

—

AC-15 boost AC-13 boost pump second cutoff
pump first start | AC~14 boost pump, second start
3001— AC-14 hoost pump second cutoff
: AC-15 boost pump second start
t l , AC-15 boost pump second_ cutoff
%07 0 'o 210 310 4‘0 5'0 6[0 7‘0 s'o |

Time from lift-off, min

Figure VI-19. - Centaur liquid-hydrogen boost pump turbine bearing temperature; AC-13. AC-14, and AC-15.

460 —

Flight
O AC-13
® AC-14
420 & AC-15
——-—No data coverage or
data invalid
380 |

340FAC-13, AC-14,
AC-15 boost
pump first start g8

MIAC-13, AC-14, AC-15 boost pump first cutoff
‘ AC~13 hoost pump second start
AC-13 hoost pump second cutoff
AC-14 boost pump second start
AC-14 boost pump second cutoff

300— AC-15 boost pump second start
AC-15 boost pump second cutoff
260 | | 1 | | | |
~10 0 10 20 30 40 50 60 70 80

Figure VI-20. - Centaur liquid-oxygen boost pump turbine bearing temperature; AC-13, AC-14, and AC-I5.

Time from lift-off, min



Fuel pump inlet 1
temperature c-2

Oxidizer pump c-1
inlet temper- c-2
ature

Fuel pump intet } C-1
temperature c-2

Oxidizer pump c-1
inlet temper- )
ature

temperature C-2

Oxidizer pump {C—l
inlet temper-
ature C-2

Fuel pump inlet {C‘l

Figure VI-21. - Comparison of Centaur main engine turbopump inlet temperature transducer liquid/gas indication during coast and

v Drying complete

\ ,-Gas

Liguid~" "/Start drying —No data

Propellant settling engines on
Boost pump start
Start in-flight chilldown
Main engine second start
Main engine second cutoff

| I I I |

(a) AC-13. -

Propetlant settling engines on
Boost pump start
Start in-flight chilldown
Main engine second start
IMain engine second cutoff

l l

(by AC-14.

Start in-flight chilldown

/-!\;\ain engine second start

Boost pump start
Propellant settling engines on Main engine
second cutoff
Lo i
4 8 12 16 20 24 28

Time from main engine first cutoff, min

{c) AC-15.

main engine second firing; AC-13, AC-14, and AC-15.

85



Hydrogen Peroxide Supply and Engine System

System description. - The hydrogen peroxide engines are used during the nonpowered
portion of flight for attitude control, for propellant settling and retention, and to provide
the initial thrust for the retromaneuver. There are four 13-newton- (3-1bf-) thrust
engines, four 222-newton- (50-1bf-) thrust engines, and two clusters each of which con-
sists of two 16-newton- (3.5-1bf-) thrust engines and one 27-newton- (6-1bf-) thrust
~engine. The 13-newton- (3-1bf-) and the 222-newton- (50-Ibf-) thrust engines are used
primarily for propellant settling and retention, and the clusters are used for attitude
control (see table VI-24 GUIDANCE AND FLIGHT CONTROL SYSTEMS section). Pro-
pellant is supplied to the engines from a positive-expulsion, bladder-type storage tank
which is pressurized to an absolute pressure of about 210 newtons per square centimeter
(305 psi) by the pneumatic system. The hydrogen peroxide is decomposed in the engine
catalyst beds, and the hot decomposition products are expanded through converging-
diverging nozzles to provide thrust. Hydrogen peroxide is also provided to drive the
boost pump turbines. The system is shown in figures VI-10 and VI-22.

System performance. - Engine chamber surface temperatures were recorded for
two of the 222-newton- (50-1bf-) thrust engines (designated V-2 and V-4) and two of the
13-newton- (3-lbf-) thrust engines (designated S-2 and S-4). The firing commands to
all of the engines were also recorded. All temperature data, with the exception of one
measurement on AC-13, indicated the hydrogen peroxide engines performed satisfactorily
on command. The temperature of the S-4 engine did not indicate normal performance.
It should have been almost identical to that of the S-2 engine but, as shown in figure VI-23,
it varied considerably. During the Centaur coast period when the engines were firing in
the S-half-on mode (see table VI-24), the temperature of the S-4 engine indicated a max-
imum of 550 K (530° F); it should have reached approximately 900 K (1160° F). Then
during the hydrogen peroxide experiment at the end of the mission, the temperature of
S-4 engine indicated an increase from 371 K (209° F) to 468 K (384O F). There should
not have been an increase in temperature at this time since the engine was not firing.
The unusual thermal history of the S-4 engine cannot be definitely explained. However,
it did not appear to be an engine performance problem because the vehicle rate gyro
data did not indicate any abnormal forces on the vehicle. The problem is attributed to
instrumentation.

On all three flights, the boost pump data indicated momentary gas flow (instead of
liquid hydrogen peroxide) to the catalyst beds shortly after main engine second start
(see the Centaur Boost Pump and Propellant Supply System section). On AC-13 and
AC-14, attitude engine firing interruptions after the start of vehicle turnaround were
also indicative of gas bubbles in the hydrogen peroxide supply system. This condition
has been noted in past flights and is not considered to be serious because of the small
amount of gas involved. The gas is assumed to originate from the hydrogen peroxide
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bottle. Most of it is air trapped in the bottle prior to launch, and a small amount is
gaseous oxygen evolved from decomposition of the hydrogen peroxide during the coast
period. The small amount of gas flow has never seriously affected boost pump or at-
titude engine performance. ' :

The postmission hydrogen peroxide experiment consisted of commanding the 222-
newton- (50-1bf-) thrust engines to fire in the V-half-on mode for 100 seconds. The pur-
pose of the experiment was to establish the time of hydrogen peroxide depletion and
thereby determine propellant residuals. These data were useful in verifying estimated
propellant consumption rates. On AC-13, the engines fired the entire duration of
100 seconds. At estimated consumption rates, this time period corresponded to approx-
imatély 32.7 kilograms (72.2 lbm) of propellant consumption. Since propellant depletion
never occurred, the residual at the end of the normal mission was greater than this
quantity. The reason for the large residual on this flight was the small amount of hydro-
gen peroxide used during the short coast period. The 'S engines fire continuously in
the S-half-on mode during the coast pericd. On AC-14 and AC-15, propellant depletion
occurred after 83 and 50.1 seconds, respectively. These times corresponded to 27.2
and 16. 4 kilograms (60.0 and 36.2 lbm) of propellant, respectively. The difference in
residuals was due to the different length of the coast periods. These experiments fur-
ther verified that there was sufficient hydrogen peroxide available for the standard
Surveyor indirect-ascent mission.
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PROPELLANT LOADING AND PROPELLANT UTILIZATION SYSTEMS
by James A, Berns-
Prqpellant Level Indicating Systems for Propellant Loading

System description. - Atlas liquid-oxygen loading levels are determined by liquid-
level sensors (fig. VI-24) located at discrete points in the liquid-oxygen tank. The RP-1
(fuel) loading levels are determined by a fuel sight gage. The sight gage replaced the
liquid-level sensor used in previous flights.

‘ The sensors in the liquid-oxygen tank are platinum hot-wire sensors. The control

unit for the platinum hot-wire liquid-oxygen sensors is an amplifier that detects a change
in voltage level. The amplified signal is applied to an electronic trigger circuit. The
liquid-oxygen sensors are supplied with a nearly-constant current of approximately

200 milliamperes. The voltage drop across a sensor reflects the resistance value of

the sensor. The sensing element is a platinum wire (0.001 in. diam) which has a linear
resistance temperature coefficient. When dry, the wire has a high resistance and,
therefore, a high voltage drop. When immersed in a cryogenic fluid, it has a low re-
sistance and voltage drop. When the sensor is wetted, a control relay is deenergized,
and a signal is sent for the propellant loading operator.

The fuel sight gage is a portable unit which mounts directly on the vehicle and con-
nects to the existing fuel probe by two sensing lines. Visual fuel level readings are
taken during tanking. After tanking, the fuel sight gage assembly is removed, and the
connection points on the vehicle are secured.

The Centaur propellant level indicating system (fig. VI-25) uses hot-wire liquid-
level sensors in both the liquid-oxygen and liquid-hydrogen tanks. These sensors are
similar in operation to the ones used in the Atlas liquid-oxygen tank.

Propellant weights. - Atlas fuel (RP-1) and liquid-oxygen weights tanked for AC-13,
AC-14, and AC-15 are shown in table VI-9. These weights were calculated based on
densities of 0.8 and 1.1 grams per cubic centimeter (49 and 69 1bm/ft3), respectively.

Centaur propellant loading was satisfactorily accomplished. Calculated propellant
weights-at lift-off are also shown in table VI-9. Data used to calculate these propellant
weights are given in table VI-10.

Atlas Propellant Utilization System

System description. - The Atlas propellant utilization system (fig. VI-26) is used
to ensure nearly simultaneous depletion of the propellants and minimum propellant
residuals at sustainer engine cutoff. This is accomplished by controlling the propellant
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mixture ratio (oxidizer flow rate to fuel flow rate) to the sustainer engine. The system
consists of two mercury manometer assemblies, a computer-comparator, a hydraulic-
ally actuated propellant utilization fuel valve, sensing lines, and associated electrical
harnessing. During flight, the manometers sense propellant head pressures which are
indicative of propellant mass. The mass ratio is then compared fo a reference ratio
(2.27 at lift-off) in the computer-comparator. If needed, a correction signal is sent to
the propellant utilization valve controlling the fuel flow to the sustainer engine. The
oxidizer flow is regulated by the head suppression valve. This valve senses propellant
utilization valve movement and moves in a direction opposite to that of the propellant
utilization valve. This opposite movement thus alters propellant mixture ratio to main-
tain constant combined propellant mass flow to the engine.

System performance. - The Atlas propellant utilization system operation was satis-
factory. The propellant utilization system valve angles during flights are shown in fig-
ure VI-27. .

The valve operated at the center position for approximately the first 13 seconds of
flight because the error signal to the valve was grounded. The error signal was grounded
to eliminate abnormal system behavior during this period.

The valves on AC-13, AC-14, and AC-15 were in the fuel-rich position from T + 13
seconds to approximately T + 120 seconds; and then operated about their center positions
until approximately T + 230 seconds. After T + 230 seconds, the valves were on the
oxygen-rich stop and remained there to ensure sustainer engine cutoff by usable oxygen
depletion. ‘ '

Atlas propellant residuals. - The residuals above the sustainer engine pump inlets
at sustainer engine cutoff for AC-13, AC-14, and AC-15 are shown in the following
table:

Propellant Units Atlas propellant
residuals

AC-13 | AC-14 | AC-15

RP-1 kg | 161 | 107 93
Ib | 355 | 236 | 206

Liquid oxygen | kg 143 2176 271
To
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These residuals were calculated by using the head sensing port uncovery times as ref-
erence points. Propellants consumed from port uncovery to sustainer engine cutoff
include the effect of flow rate decay for liquid-oxygen depletion.

Centaur Propellant Utilization System

System description. - The Centaur propellant utilization system is used during flight
to control propellant consumption by the main engines and provides minimum propellant
residuals. The system is shown schematically in figure VI-28. It is also used during

_ tanking to indicate propellant levels. The mass of propellant remaining in each tank is
sensed by a capacitance probe, and the mass ratio is compared in a bridge balancing
circuit. If the mass ratio of propellants remaining varies from a predetermined value
(oxidizer-to-fuel ratio, 5 to 1), an error signal is sent to the proportional servoposi-
tioners which control the liquid-oxygen flow control valves. When the mass ratio is
greater than 5 to 1, the liquid-oxygen flow is increased to return the ratio to 5to 1. If
the ratio is less than 5 to 1, the liquid-oxygen flow is decreased. Since the sensing
probes do not extend to the top of the tanks, system control is not commanded on until
approximately 90 seconds after main engine first start. For this 90 seconds of engine
firing, the bridge is nulled, locking the liquid-oxygen flow control valves at a 5 to 1 pro-
pellant mixture ratio.

System performance. - All prelaunch checks and calibrations of the system were
within specification. The in-flight operation of the system was satisfactory during both
main engine firing periods. The system liquid-oxygen flow control valve positions
during the engine firings are shown in figure VI-29. The system was commanded on by
the vehicle programmer at approximately 90 seconds after main engine first start. The
valves then moved to the oxygen-rich stop and remained there until the system compen-
sated for an excess amount of oxygen. The results for AC-13, AC-14, and AC-15 are

shown in the following fable:

Event Units | Propellant corrections
after main engine
first start

AC-13 | AC-14{ AC-15

Valves on oxygen-rich sec 18 20 2.3
stop
Excess of oxygen burned| kg 45 67 12
1b 100 147 26
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These corrections resulted from

(1) Engine consumption error during the first 90 seconds of engine firing

(2) Propellant loading errors

(3) System bias to ensure that liquid oxygen depleted first

(4) System bias to compensate for liquid-hydrogen boiloff during coast (No liquid

oxygen was vented, and, if this compensation was not made, the mass ratio in
the tanks at main engine second start would not be 5 to 1.)

The system commanded the valve to control mainly in a hydrogen-rich position
during the remainder of the engine first firing period.

At main engine first cutoff, the valves moved to the oxygen-rich stop. Approxi-
mately 10 seconds after engine shutdown, the system bias for the coast-phase liquid-
hydrogen boiloff was removed from the system. At this time, the valves began to move
to the hydrogen-rich stop, in response tc the hydrogen-rich propellant ratio in the tanks,
After main engine first cutoff, the propellants began to rise in the sensing probes as a
result of capillary action. By approximately 100 seconds after main engine cutoff,
capillary action had caused the propellants to rise into the probes sufficiently to result
in an indication of an oxygen-rich propellant mass ratio, which caused the valves to
move to the oxygen-rich stop. Discussion of capillary rise is found in reference 4.
The valves remained at the oxygen-rich stop until after main engine second start
(fig. VI-29) After engine second start, the valves moved from the stop and then con-
trolled at a hydrogen-rich valve angle. The length of timne the valves were on their
stops varied with each flight because of the errors in tank mixture ratio. Approximately
25 seconds prior to main engine second cutoff, the valves were commanded to the 5 to 1
mixture ratio position. This was done because the sensing probes do not extend to the
bottoms of the tanks, and system control is ended after the liquid level drops below the
bottoms of the probes.

Propellant residuals. - The propellant residuals were calculated by using data
obtained from the propellant utilization system. The gaseous hydrogen residual at
main engine first cutoff was calculated by using density data obtained from flights AC-8
and AC-9. The gaseous oxygen residuals were calculated by assuming saturated oxygen
gas at main engine first cutoff.

The propellant residuals and the corresponding liquid levels (station numbers) at
main engine first cutoff, are shown in the following table:
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Event Units Propellant

Hydrogen ~ Oxygen
AC-13 | AC-14 | AC-15 | AC-13 | AC-14 | AC-15
Liquid residual at main| kg 684 717 698 3225 3404 3232
engine first cutoff Ibm 1507 1580 1538 7111 7504 127
Gaseous residual at kg 24 23.8 24.1 43 42 43.5-
main engine first 1bm 53.5 52.9 53.4 95.5 92.8 96.0
cutoff .
Liquid level, station —— 327.5 | 324.7 |326.13 | 423.9 | 427.9 | 423.9
number®

33ee fig. III-2 for vehicle station numbers.

The propellant residuals remaining at main engine second cutoff were calculated by
using the times that the propellant levels passed the bottoms of the probes as reference
points. The propellant residuals and the corresponding station numbers at main engine

second cutoff are shown in the following table:

Event Units Propellant

Hydrogen "Oxygen

AC-13 | AC-14 | AC-15 | AC-13 | AC-14 | AC-15

Total propellant residual | kg 91 107 94 327 382 300
lbm 201 235 207 722 843 662

Usable propellant residual| kg 61 T 64 293 348 265
lom 135 169 141 647 768 585

Firing time remaining to sec 10.1 15.0 12.4 8.3 13.6 10.4
depletion

Liquid level, station w-- | 378.2 | 375.5 | 37T7.7 | 444.3 | 443.7 | 444.7
number®

3see fig. II-2 for vehicle station numbers.

94



TABLE VI-9. - PROPELLANT WEIGHTS

Propellant Units Weight for flight -
AC-13 | AC-14 | AC-15
Atlas

RP-1 kg 38283 | 38374 | 38419
lbm 84 400 | 84600 | 84 700

Liquid oxygen kg 85411 | 85502 | 85 320
Iom | 188 300 | 188 500 188 100

Centaur

Liquid hydrogen| kg 2 383 2 384 2 390
Ibom 5 253 5 257 5270

Liquid oxygen kg 11 553 | 11 557 | 11 574
1bm 25471 | 25480 | 25518
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TABLE VI-10. - CENTAUR PROPELLANT LOADING

Quantity or event Units Propellant tank
Hyrodgen Oxygen
AC-13 } AC-14 |AC-15 |AC-13| AC-14 | AC-15
Amount of sensor required to be wet:
At T - 90 seconds percent 99.8 99.8 99.8 j-=cemm | e [ o
At T - 75 seconds percent | ~-ewem emmmee |oeeenea
Sensor location (vehicle station number)| ------- 175 175 175 373 373 373
Tank volume at sensor® m3 35.6 35.6 35.6 10.5 10.5 10.5
3 1257 1257 1257 3171 3M 31
Ullage volume at sensor m® 0.32| 0.32] o0.32| 0.19| o0.19| 0.19
£t 11.2 | 11.2 | 11.2| 6.6| 6.6| 6.6
Liquid-hydrogen sensor 99. 8 percent sec T-51|T~56 |T-32 |-remme | cmmmee | memmam
dry at -
Liquid-oxygen sensor 100. 2 percent sec | =m=--- |-mmmmm | T-61} T-0| T-0
dry at -
Ullage pressure at time sensor goes N/cm2 15.3 15.1 14.8 21.4 21.4 20.8
dry, absolute psi 22.2 21.9 21.5 31.1 31.0 30.1
Density at time sensor goes dryb g/cm3 66.9 66.9 67.0 1099 1099 1131
1b/$t3 4.19| 4.19| 4.2| 68.7| 68.7| 68.8
Propellant weight in tank when sensor kg 2389 2392 2394 {11 561 11 557 | 11 574
is dry lbm 5267 5273 5278 | 25 488 | 25 480 | 25 518
Liquid-hydrogen boiloff to vent valve kg 6.3 7.45 3.64 |emreem [ mmmmmm [ cmmean
close® lbm 14| 16.4 ] 8.10 |-ommoc | mmmmme [ommmee
Liquid-oxygen boiloff to lift-off® kg | e e e 7.65 0 0
Ibm |- [mmmmee | 17 0 0
Ullage volume at lift-off m3 0.50 0.53 0.45 0.24 0.23 0.23
£t3 14.5 | 15.3| 13.2 71 6.6| 6.6
Weight at lift-offd kg 2383 2384 2390 {11 553 | 11 557 | 11 574
. Tbm 5253 5257 5270 | 25 471 | 25 480 | 25 518

8Volumes include 0. 05 m3 (1.85 ft3) of liquid oxygen and 0. 72 m3 (2.53 ft3) of liquid hydrogen for
lines from boost pumps to engine turbopump inlet valves.

bLiquid-hydrogen density taken from ref. 5; liquid-oxygen density taken from ref. 6.
CBoiloff rates determined from tanking test are, for AC-13, 0.14 kg/sec (0. 3 lbm/sec) liquid

hydrogen and 0. 15 kg/sec (0.28 lbm/sec liquid oxygen; for AC-14, 0.11 kg/sec (0.294

lbm/sec) liquid hydrogen and 0. 149 kg/sec (1. 33 lbm/sec) liquid oxygen; for AC-15, 0.095

kg/sec (0.253 lbm/sec) liquid hydrogen and 0. 109 kg/sec (0. 29 lbm/sec) liquid oxygen.
Propellant loading accuracy: hydrogen, +3.2 percent; oxygen, +1.5 percent.
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PNEUMATIC SYSTEMS
by William A, Groesbeck and Merle L. Jones
Atlas Pneumatics

System description. - The Atlas pneumatic system supplied helium gas for tank
pressurization and for various vehicle control functions. The system comprises three
independent subsystems: propellant tank pressurization, engine control, and booster
section jettison. This system schematic is shown in figure VI-30.

Propellant tank pressurization subsystem: This subsystem is used to maintain
propellant tank pressures at required levels (1) to support the pressure stabilized tank
~ structure, and (2) to satisfy the inlet pressure requirements of the engine turbopumps.
In addition, helium is supplied from the fuel tank pressurization line to pressurize the
hydraulic reservoirs and turbopump lubricant storage tanks. The subsystem consists
of eight shrouded helium storage bottles, a heat exchanger, and fuel and oxidizer tank
pressure regulators and relief valves. The eight shrouded helium storage bottles with
a total capacity of 967 000 cubic centimeters (59 000 in. 3) are mounted in the jettisonable
booster engirie section. The bottle shrouds are filled with liquid nitrogen during pre-
launch operations to chill the helium in order to provide a maximum storage capacity at
about 2070 newtons per square centimeter (3000 psia). The liquid nitrogen drains from
the shrouds at lift-off. During flight the cold helium 'passes through a heat exchanger
located in the booster engine turbine exhaust duct before being supplied to the tank pres-
sure regulators.

Propellant tank pressurization: - Tank pressurization control switched from the
ground to the airborne systems at about T - 60 seconds. Airborne regulators are set
to maintain tank gage pressure between 44.9 and 46.2 newtons per square centimeter
(64 and 67 psi) and oxidizer tank pressure between 22.1 and 24.1 newtons per square
centimeter (32.0 and 35.0 psi). However, from about T - 2 minutes to T + 20 seconds
the liquid-oxygen regulator is biased by a helium ''bleed' flow into the line which
senses ullage pressure. The bias causes the regulator to control tank pressure at a
lower level than the normal regulator setting. Depressing the liquid-oxygen tank pres-
sure increases the differential pressure across the bulkhead between the propellant
tanks. The increased differential pressure counteracts the launch transient loads that
act in a direction to cause bulkhead reversal. At T + 20 seconds, the bias is removed
by closing an explosively actuated valve, and the ullage pressure in the liquid-oxygen
tank increases to the normal regulator control range. The increased pressure then
provides sufficient vehicle structural stiffness to withstand bending loads during the re-
mainder of the ascent. Pneumatic regulation of tank pressure is terminated at booster
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staging. Thereafter, the fuel tank pressure decays slowly, but the oxidizer tank pressure
is sustained by liquid-oxygen boiloff.

Engine controls subsystem: This subsystem supplies helium pressure for actuation
of engine control valves, for pressurization of the engine start tanks, for purging booster
engine turbopump seals, and for the reference pressure to the regulators which control
oxidizer flow to the gas generator. Control pressure in the system is maintained through
Atlas-Centaur separation. These pneumatic requirements are supplied from a 76 000-
cubic-centimeter (4650-in. 3) storage bottle pressurized to a gage pressure of about
2070 newtons per square centimeter (3000 psi) at lift-off. _

Booster engine jettison subsystem: This subsystem supplies pressure for release
of the pneumatic staging latches to separate the booster engine package. A command
from the Atlas flight control system opens two explosively actuated valves to supply
helium pressure to the 10 piston-operated staging latches. Helium for the system is
supplied by a single 14 260-cubic-centimeter (870-in. 3)_ bottle charged to a gage pres-
sure of 2070 newtons per square centimeter (3000 psi).

System performance. - The Atlas pneumatic system performance was satisfactory
throughout the AC-13, AC-14, and AC-15 flights. The individual subsystem performance
on these three flights is discussed in the following paragraphs.

Propellant tank pressurization: Control of propellant tank pressures was switched
from ground to the airborne subsystem at approximately T - 49 seconds. Ullage pres-
sures were properly controlled throughout the flight. Tank pressurization data for the
flights are shown in figure VI-31 and table VI-11. The fuel tank pressure regulator con-
trolled at a gage pressure of about 45.5 newtons per square centimeter (66 psi) until
termination of pneumatic control at booster staging. During sustainer engine firing,
the fuel tank pressure decreased normally and was 37.9 newtons per square centimeter
(55 psi) on AC-13 and AC~-15 and 36.8 newtons per square centimeter (53.7 psi) on AC-14
at engine shutdown. Oxidizer tank gage pressure in newtons per square centimeter (psi),
on switching to airborne regulation prior to lift-off, was steady at 20.1 (29.2) on AC-13,
at 20.8 (30.2) on AC-14, and at 20.6 (29.9) on AC-15. The pressure decreased mo-
mentarily at engine start and then indicated only a very slow pressure rise. At T + 20
seconds, the regulator bias was terminated, and pneumatic regulation immediately in-
creased the ullage pressure to a level within the normal regulator control range of 22 to
24 newtons per square centimeter (32 to 35 psi). The regulator continued to control tank
pressure within required limits until termination of pneumatic regulation at booster
engine shutdown. At this time, the ullage pressure increased slightly as the result of
the sudden decrease in propellant outflow and an increase in liquid-oxygen boiloff rate.
The boiloff rate increased because of the abrupt reduction in hydrostatic pressure caused
by the decrease in vehicle acceleration from about 5 g's to about 1.1 g's. After booster
staging, the ullage pressure in newtons per square centimeter (psi) gradually decreased
from 23.1 to 22.4 (33.5 to 32.5) on AC-13, from 23.1 to 21.6 (33.5 to 31.4) on AC-14,
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and from 23.3 to 22.3 (33.8 to 32.4) on AC-15, at sustainer engine shutdown.

Engine control subsystem: The booster and sustainer pneumatic regulators provided
the required helium pressures for engine control throughout the flight. Significant per-
formance values are shown in tavle VI-11.

Booster section jettison subsystem: System performance was satisfactory. The
explosive actuated valves were opened on command at about T + 156 seconds, allowing
high-pressure helium to actuate the 10 booster staging latches.

Centaur Pneumatics

System description. - The Centaur pneumatic system, which is shown schematically
in figure VI-32, consists of five subsystems: propellant tank venting, propellant tank
pressurization, propulsion pneumatics, helium purge, and nose fairing pneumatics.

The structural stability of the propellant tanks is maintained throughout each flight
by the propellant boiloff gas pressures. These pressures are controlled by a vent sys-
tem on each propellant tank. Two pilot-controlled, pressure-actuated vent valves and
ducting comprise the hydrogen tank vent system. The primary vent valve is fitted with
a continuous-duty solenoid valve which, when energized, locks the vent valve and pre-
vents operation. The secondary hydrogen vent valve does not have this solenoid valve.
The relief range of the secondary valve is above that of the primary valve and prevents
overpressurization of the hydrogen tank when the primary vent valve is locked. Until
nose fairing jettison, the vent gases are ducted overboard through a single vent. Affer
jettison, the venting occurs through diametrically opposed nozzles which balance the
vent thrust forces. The oxygen tank vent system uses a single vent valve which is fitted
with the control solenoid valve. The vented gases are ducted overboard through the inter-
stage adapter. The duct, which remains with the Centaur after separation from the
interstage adapter, is oriented to aline the venting thrust vector with the vehicle center
of gravity.

The vent valves are commanded to the locked mode at specific times (1) to permit
the hydrogen tank pressure to increase during the atmospheric ascent to satisfy the
structural requirements of the pressure-stabilized tank, (2) to permit controlled pres-
sure increases in the tanks to satisfy the boost pump pressure requirements, (3) to
restrict oxygen venting during nonpowered flight to avoid vehicle disturbing torques, and
(4) to restrict hydrogen venting to nonhazardous times. (A fire could conceivably occur
during the early part of the atmospheric ascent if a plume of vented hydrogen washes
back over the vehicle and is exposed to an ignition source. A similar hazard could occur
at Atlas booster engine staging when residual oxygen envelopes a large portion of the
vehicle.)

The propellant tank pressurization subsystem supplies helium gas in controlled
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quantities for in-flight pressurization, in addition to that provided by the propellant
boiloff gases. It consists of two normally closed solenoid valves and orifices and a pres-
sure switch assembly which senses oxygen tank pressure. The solenoid valves and
orifices provide metered flow of helium to the propellant tanks for step pressurization
during main engine start sequences. The pressure sensing switch controls the pressure
in the oxygen tank from boost pump first start to main engine first start.

The propulsion pneumatics subsystem supplies helium gas at regulated pressures
for actuation of main engine control valves and pressurization of the hydrogen peroxide
storage bhottle. It consists of two pressure regulators, which are referenced to ambient
pressure, and two relief valves. Pneumatic pressure supplied through the engine con-
trols regulator is used for actuation of the engine inlet valves, the engine chilldown valves,
and the main fuel shutoff valve. The second regulator, located downstream of the engine
controls regulator, further reduces the pressure to provide expulsion pressurization for
the hydrogen peroxide storage bottle. A relief valve downstream of each regulator pre-
vents overpressurization.

A ground-airborne helium purge subsystem is used to prevent cryopumping and icing
under the insulation panels and in propulsion system components. A common airborne
distribution system is used for prelaunch purging from a ground helium source and post-
launch purging from an airborne helium storage bottle. This subsystem distributes
helium gas for purging the cavity between the hydrogen tank and the insulation panels,
the seal between the nose fairing and the forward bulkhead, the propellant feedline in-
sulation, the boost pump seal vents, the engine gearbox seal vents, the engine chilldown
ventducts, the engine thrust chambers, and the hydraulic power packages, The umbili-
cal charging connection for the airborne bottle can also be used to supply the purge from
the ground source should an abort occur after ejection of the ground purge supply line.

The nose fairing pneumatic subsystem provides the required thrust for nose fairing
jettison. It consists of a nitrogen storage bottle and an explosive actuated valve with an
integral thruster nozzle in each fairing half. Release of the gas through the nozzles
provides the necessary thrust to propel the fairing halves away from each other and from
the vehicle.

Propellant tank pressurization and venting. - The ullage pressures in the hydrogen
and oxygen tanks for AC-13, AC-14, and AC-15 flights are shown in figures VI-33 to
VI-35, respectively. The sequence of events for all three vehicles was the same, but
the timing of some of the events varied. At approximately T - 8 seconds, the primary
hydrogen vent valve on each vehicle was locked, causing an increase in the tank pressure.
In each case, the pressure increased to the relief setting of the secondary hydrogen vent
valve which then began to regulate the tank pressure. The relief absolute pressure on
AC-13 was 17.9 newtons per square centimeter (25.9 psi), and on AC-14 and AC-15 it
was 18.1 newtons per square centimeter (26.2 psi). The tank pressure rise rate during
this period was, in newtons per square centimeter per minute (psi/min), 310 (4.50) on
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AC-13, 3.12 (4.52) on AC-14, and 3.37 (4.89) on AC-15. At approximately T + 90 sec-
onds, the primary hydrogen tank vent valves were enabled. The tank pressures were then
reduced and were regulated by these vent valves.

The primary hydrogen vent valve on each vehicle was again locked at the beginning
of Atlas booster engine staging and remained locked for approximately 7.5 seconds.
Following booster engine staging, the vent valves were again enabled and allowed to
regulate tank pressure. At Atlas sustainer engine cutoff, the primary hydrogen vent
valves were locked, and the tanks were pressurized with helium for 1 second as a part
of the Centaur main engine start sequence. In each case, the pressure increased ap-
proximately 1 newton per square centimeter (1.4 psi) and then decreased as the warm
" helium in the tank was cooled by the hydrogen gas (see figs. VI-33(a) and (b), VI-34(a)
and (b), and VI-35(a) and (b)).

The ullage pressure in the oxygen tank remained relatively constant for the first
40 seconds of each flight until the increasing vehicle acceleration suppressed propellant
boiling sufficiently to cause the pressure to decrease. Thereafter, the pressure de-
creased until the oxygen vent valve reseated and venting ceased. The pressure then
varied between the operating limits of the vent valve until Atlas booster engine cutoff.

At that time, the sudden reduction in the acceleration caused an increase in the liquid-
oxygen boiloff and a resulting pressure rise in the tanks. As thermal equilibrium was
reestablished, the pressures decreased to their original level.

At approximately 62 seconds after Atlas booster engine cutoff, the oxygen tank vent
valve on each vehicle was locked, and the helium pressurization of the oxygen tank was
initiated. The tank pressure increased to the upper limit of the pressurization switch,
which opened and terminated pressurization. As the helium cooled in the AC-13 tank,
the pressure decreased until the heat input from the boost pump recirculation flow in-
creased boiloff and caused the pressure to increase again. On AC-14 and AC-15, the
pressure decreased to the lower limit of the pressurization switch which closed, causing
additional helium to be injected into the tank. Following this second cycle, heat input
from the boost pump recirculation flow increased the boiloff, causing the pressure to
increase before it reached the lower limit of the pressurization switch again. The pres-
sure in the AC-13, AC-14, and AC-15 vehicle oxygen tanks continued to increase from
heat input until Centaur main engine first prestart. The pressure in each case then de-
creased gradually until Centaur main engine first start, when it decreased abruptly to ‘
the saturation pressure of the ullage gas (see figs. VI-33(b), VI-34(b), and VI-35(b)).

The ullage pressures in both propellant tanks of the three vehicles decreased nor-
mally during the main engine first firing. After main engine cutoff, the primary hydrogen
vent valves were enabled, while the oxygen vent valves remained locked (see figs.
VI-33(c), VI-34(c), and VI-35(c).

Forty seconds prior to main engine second start, the primary hydrogen vent valves
were locked. At the same time, the pressures in the oxygen tank and hydrogen tank, on

110



each vehicle, were increased by the injection of helium. The pressurization of the oxy-
gen tanks was timed to last 18 seconds. The pressure sensing switches, used prior to
Centaur main engine first start, were electrically bypassed. The pressurization of the
hydrogen tanks was also a timed function lasting 40 seconds. These time periods for
pressurization were the same for all three flights; however, the pressure increase in
the oxidizer tank was greater on AC-15 than on previous vehicles (see figs. VI-33(d) and
VI-35(e)) because of a larger orifice in the AC-15 oxygen tank pressurization line. The
change from a 1.09-millimeter- (0.043-in. -) diameter orifice on previous vehicles to

a 1.50-millimeter- (0.059-in. -) diameter orifice on AC-15 was made because of a
possible oxidizer boost pump cavitation on the AC-14 flight (see Centaur Boost Pump
and Propellant Supply System section). It has been concluded that the net positive suc-
tion pressure at the boost pump for AC-14 was marginal at the time of Centaur main
engine second start. In order to provide increased net positive suction pressure through
a greater tank pressure increase on AC-15, the larger orifice was installed in the pres-
surization line.

Following main engine second cutoff, the hydrogen tank ullage pressures increased
until the start of lateral thrust in the Centaur turnaround maneuver, when a sudden pres-
sure decrease occurred. This decrease in pressure indicated the splashing of liquid
hydrogen into the ullage gas. The pressures increased again until the start of retro-
thrust. The oxygen tank ullage pressure on each of the three vehicles increased slightly
after main engine second cutoff and then remained essentially constant (see figs. VI-33(e),
VI-34(e), and VI-35(e)). '

After the start of retrothrust, the hydrogen tank ullage pressure on each of the three
vehicles decreased (indicating either gaeeous or two-phase outflow) except for a short
period of time when the pressures remained constant (indicating liquid outflow). During
the period of retrothrust, the oxygen tank ullage pressures remained essentially constant
(indicating liquid outflow). ‘At the termination of the retrothrust, the primary hydrogen
vent valves and the oxygen vent valves were enabled to prevent rupture of the tanks in
space (see figs. VI-33(e), VI-34(e), and VI-35(f)).

Propulsion pneumatics. - The engine controls regulators and the hydrogen peroxide
bottle pressure regulators maintained proper system pressure levels throughout the
three flights. The AC-13 eng‘irie controls regulator output absolute pressure was
328 newtons per square centimeter (476 psi) at lift-off while that of the hydrogen per-
oxide bottle pressure regulator was 227 newtons per square centimeter (329 psi). The
corresponding values for AC-14 were 324 and 223 newtons per square centimeter (470
and 324 psi), respectively, and those for AC-15 were 316 and 222 newtons per square
centimeter (459 and 322 psi), respectively. After lift-off, all regulator output pres-
sures decreased, corresponding to the decrease in ambient pressure and remained
relatively constant after the ambient pressure had decreased to zero.
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Helium purge subsystem. - The total helium purge flow rate to AC-13at T - 10 sec-
onds was 89 kilograms per hour (196 lbm/hr). The flow rates to AC-14 and AC-15 were
87 and 84 kilograms per hour (184 and 191 lbm/hr), respectively. The differential h
pressure, in newtons per square centimeter (psi), across the insulation panels after
hydrogen tanking was 0.13 (0.18) on AC-13, 0.17 (0.25) on AC-14, and 0.19 (0.28) on
AC-15. The minimum allowable differential pressure required to prevent cryopumping
and icing is 0.02 newton per square centimeter (0.03 psi). At a nominal time of T - 9
seconds, the airborne purge system on each vehicle was activated; and at T - 4 sec-
onds, the ground purge was terminated. The supply of helium in each vehicle purge
bottle lasted through most of the atmospheric ascent.

Nose fairing pneumatics. - There was no airborne instrumentation in this system
on any of the vehicles. Normal jettisoning of the nose fairing on each flight indicated
that the system functioned properly each time.
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TABLE VI-11. - ATLAS PNEUMATICS SYSTEM DATA SUMMARY; AC-13, AC-14, AND AC-15

Pneumatic subsystem Measurement Event time Units |JRequirement at Flight values for
lift-off Atlas-Centaur
launch vehicle

AC-13] AC-14 ] AC-15
Propellant tank Liquid-oxygen tank |Lift-off N/ em? | 19.6 to 22.3 20.2% 20.9( 20.6
pressurization ullage gage psi 28.4to 32.3 29.3] 30.3) 29.9
pressure Booster engine N/cm2 ------------- 22.91 22.3| 22.7
cutoff psi  |---eesm e 33.2] 32.5| 33.0
Sustainer engine |N/cm? |--cccccmmocme 22.4| 21.6 22.3
cutoff psi  feememmmmeo 32.6| 31.3| 32.4
Fuel tank ullage Lift-off N/cm2 44,7 to 47.3 45.5| 45.2 | 45.3
gage pressure psi® 64.8 to 68.7 66.0| 65.7] 66.0
Booster engine N/cm2 ------------- 45.51 45.0] 45.2
cutoff psi | -mmmememmeen - 66.0] 65.5) 65.5
Sustainer engine N/cm2 ------------- 37.9| 36.8] 37.9
cutoff psi  |eeemmemeee 55.0) 53.5| 55.0
Helium usage Through booster|kg  |--~=--ceeacan- 52.0¢ 51.0 51.0
engine cutoff Ibm  |---emmmemm - 115.0| 112.0 | 112.0
Engine controls Booster engine Lift-off N/ cm2 493 to 541 510 523 517
pneumatic regulator psi 715 to 785 740 760 750
outlet gage pressure | gty engine N/cm‘?‘ ------------- 510 516 517
cutoff psi  [mmmmmmmmmeeeo 740 750 750
Sustainer engine Lift-off N/ cm2 388 to 438 412 426 410
pneumatic regulator psi 565 to 635 598 618 594
outlet gage Booster engine N/Cm2 ————————————— 412 425 403
cutoff psi  [eemmmmmemseeee 598 616 585
Sustainer engine| N/ em? | ccmcmecaeee 412 425 403
cutoff psSi | em~mmem e 598 616 585
Helium storage Lift-off N/ em2| 2000 to 2340 2270 | 2250 | 2255
bottle gage pressure psi 2900 to 3400 3290 | 3265 | 3270
Booster engine |N/cm? | --ecccmmemem- 1905 | 1940 | 1930
cutoff psi | mmemmmmmeee 2763 | 2820 | 2800
Sustainer engine| N/ ] [ — 1820 | 1800 | 1855
cutoff 4 A 2640 | 2610 | 2690
Booster jettison Helium storage Lift-off N/ cm2 2000 to 2340 2280 ] 2250 ) 2280
bottle gage pressure psi 2900 to 3400 3310 3270 ] 3312
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Figure VI-30, - Atlas vehicle pneumatic system; AC-13, AC-14, and AC-15.



‘SI-0V (9)

082 44 002 091 02t 08 op 0

*sa4nssaJd yugy jue)jadosd sejy - "Tg-IA anbld

PI-0V (@)
39S ‘aWly Wibil4

082 0z 002 091 021 08 07 0

ET-0Y (B}

02 002 091 021 ® oy 0

_ S R S B _ T T T 1 . T I 1 T T I
N . S—yoyns auibua
“-|043u09 J0)e[nba. | / S-J0J3u02 Joje|nbad | JBUIRISNS  \-J013u03 JojeinBal oy
/ sewnaud Jo pus pue “jand JjjRWNAUT JO pUa pue anewnaud jo pua pue
Zyona Joyna auibus. seysoog aujbua Jopno au1bus Jaysoog Joina aujbua Ja)soog
aujbus Jaulesng [

Jauieisng

abued jolyuo lojenbay

abue. j04yu02 J0jeinbay

abue. jo4yuo0d Joye|nhsy

—8p

_ ! _ _ _ _ I

selq JoyejnBaJ jo pui ~\

N\%:E [0Jju02 Jojejnbay

! ] I | I ¥_
selq Joje[nba Jo pu—"

-
7
o

abued jonyuos ‘_oﬂm_%
AL m

T 17 1 [T

selq Jojejnbad Jo puz—
~112

\ €
abued jo.3u00 Jojeinbay

277

—62

0N
e6 abej|n jond

Lt}

‘aanssald a?B

Zumm ‘aunssaad abieb abe|in JaZIpIX0

85

29

99

0L

2€

e

9¢

1sd ‘aunssaad

afieb abiejin jan4

‘aanssaad abeb abejin JazipixQ

1sd

115



/—\{ —
Hydrogen
tank

Constant bleed orifice

C-1 Cc-2
engine engine Pressure
controls controls switch ﬂ
—
* Tg o
hydrogen
peroxide bottle }-Relief valves
? Hydrogen peroxide t
bottle pressure Solenoid valves
regulator 1
Engine t
— controls
Engine controls regulator

Regulator pressure {gage), 303 to 327 Nem? {440 to 475 psi)

Relief valve pressure (gage), 327 to 362 Nlcm? (475 to 525 psi)
Hydrogen peroxide bottle

Pressure regulator (gage), 205 to 217 Nicm? (297 to 315 psi)

Relief valve pressure (gage), 221 to 244 Nicm?Z (320 to 354 psi)

Orifice-tank pressurization ?teg;:gz y
Oxygen tank, 0.109-cm (0.043-in. } diameter (AC-13 and AC-14); bottle
0. 150-cm (0. 059-in. ) diameter (AC~15) T
Hydrogen tank, 0.226-cm (0.089-in. ) diameter Solenoid valve—'/
Constant bleed orifice, 2211 standard cm3/min (135 standard cu in./min) (normally closed)
Pressure switch {oxygen tank), 26 to 28 Ncm2 abs (38 to 40 psia) H BB BN
Helium bottle ; ' - i
Volume, 120639 cm3 {7365 cu in.) 1= 4 sec disconnects
initial pressure, 2206 Nicm? abs (3200 psia) CD-9843-31

(a) Tank pressurization and propulsion pneumatic subsystems.

Figure VI-32. - Centaur pneumatic system; AC-13, AC-14, and AC-15.
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HYDRAULIC SYSTEMS
by Eugene J. Fourney
Atlas Hydraulics

System description. - Two hydraulic systems (fig. VI-36) are used on the Atlas
stage to supply fluid power for operation of sustainer control valves and for thrust vec-
tor control of all engines. One system is used for the booster engine and the other for
the sustainer engine and vernier engines. Both the booster and sustainer accumulator
subsysfems used on AC-13, AC-14, and AC-15 were identical but differed from those
used on AC-12 and earlier flight vehicles.

The booster hydraulic system provides power solely for gimbaling the two thrust
chambers of the booster engine system. System pressure is supplied by a single, pres-
sure compensated, variable displacement pump driven by the engine turbopump acces-
sory drive. Other components of the system include four servocylinders, a high-
pressure relief valve, an accumulator, and a reservoir. Two isolated accumulators
were used on previous vehicles. Vehicles AC-13, AC-14, and AC-15 used a single
accumulator with a lower precharge pressure. Engine gimbaling in response to flight
control commands is accomplished by the servocylinders which provide separate pitch,
yaw, and roll control during the booster phase of flight. The maximum booster engine
gimbal angle capability is +5° in both the pitch and yaw planes.

The sustainer stage uses a system similar to that of the booster but, in addition,
provides hydraulic power for sustainer engine control valves and gimbaling of the two
vernier engines. The high-precharge-pressure-type accumulator system was replaced
with the lower-precharge-pressure type, identical to that used on the booster.

The sustainer engine is held in the centered position until booster engine cutoff.
Any disturbances created by the booster engine differential cutoff impulses would be
damped by gimbaling the sustainer and vernier engines. The sustainer engine is again
centered during booster engine package jettison. Vehicle engine roll control is main-
tained throughout the sustainer phase by differential gimbaling of the vernier engines.
Actuator limit travel of the vernier engines is :!:700, and that of the sustainer engine is
+3°,

System performance. - Hydraulic system pressure data for both the booster and
sustainer circuits are shown in figures VI-37 to VI-39. All pressures were stable
throughout the boost phase of flight except the sustainer return system pressure on
AC-15, The return pressures oscillated +21 newtons per square centimeter (+30 psi)
about an absolute pressure of 80 newtons per square centimeter (115 psia) at a frequency
of 0.3 hertz from T + 62 seconds to T + 150 seconds. This particular pressure normally
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remains steady except for a few seconds during the transients of sustainer engine start,
booster engine package jettison, and sustainer engine cutoff. This problem is attributed
to instrumentation rather than a malfunction of the hydraulic system.

The transfer of fluid power on AC-13, AC-14, and AC-15 from ground to airborne
hydraulic systems was normal. Hydraulic pump discharge pressures increased at
T - 2 seconds to flight levels in less than 2 seconds. Engine start transients produced
a normal overshoot of about 10 percent in the hydraulic pump discharge pressures.
Absolute pressures in the booster and sustainer systems stabilized at the values shown
in the following table:

Flight | Units | Absolute pressures

at lift-off
Booster | Sustainer
AC-13 | N/em® | 2053 2144
psi 2977 3110
AC-14 | N/em? | 2157 2137
psi 3130 3100
AC-15 | N/em? | 2118 2117
psi 3070 3070

Maximum engine gimbaling during the flights occurred during the period of maximum
dynamic pressure. Only +1° of the +5° engine gimbal capacility was required during
this period.

Centaur Hydraulics

System description. - Two separate but identical hydraulic systems (fig. VI-40) are
used on the Centaur stage. Each system gimbals one engine. Together they provide
pitch, yaw, and roll control. Each system consists of two servocylinders and an engine-
coupled power package containing high- and low-pressure pumps, a reservoir, an ac-
cumulator, a pressure intensifying bootstrap piston, and relief valves for pressure reg-
ulation. Hydraulic pressure and flow are provided by a constant-displacement vane-
type pump driven by the liquid-oxygen turbopump accessory drive shaft. An electrically
powered recirculation pump is used to provide low pressure for engine gimbaling re-
quirements during prelaunch checkout, to aline the engines prior to main engine start,
and to provide limited thrust vector control during the Centaur retrothrust operation.
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Maximum engine gimbal capacility is +3°,

System performance. - The hydraulic systems on AC-13, AC-14, and AC-15 prop-
erly performed all guidance and flight control commands throughout the flight. System
pressures and temperatures as a function of the flight times are shown in figures VI-41
to VI-43. Values at selected times are shown in tables VI-12 and VI-13.

TABLE VI-12. - C-1 SYSTEM ABSOLUTE PRESSURE AND

MANIFOLD TEMPERATURE; AC-13, AC-14, AND AC-15

Event Measurement Units Flight values for-
AC-13 |AC-14 | AC-15
Main engine first start System pressure N/ em? 789 808 786
psi 1142 1170 1138
Recirculation pressure | N/ cm? 94 87 77
psi 136 126 112
Manifold temperature K 291 285 287
oF 64 53 57
Main engine first cutoff System pressure N/ cm2 789 808 786
psi 1142 1170 1138
Manifold temperature K 344 339 340
- oF 160 150 153
Main engine second start | System pressure N/ cm2 789 800 786
psi 1142 1160 1138
Recirculation pressure | N/ cm? 94 87 1
psi 136 126 112
Manifold temperature | K 332 314 314
°F | 138 106 106
Main engine second cutoff | System pressure ) N/ cm2 789 800 786
psi 1142 1160 1138
Manifold temperature K 350 342 343
oF 171 156 158
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TABLE VI-13. - C-2 SYSTEM ABSOLUTE PRESSURE AND

MANIFOLD TEMPERATURE; AC-13, AC-14, AND AC-15

Units

Event Measurement Flight values for -
- AC-13 |AC-14 | AC-15

Main engine first start System pressure N/ cmz 776 798 794
psi 1126 1157 1151

Recirculation pressure| N/ cm? 82 88 96

psi 119 127 139

Manifold temperature K 291 282 288

°F 64 48 59

Main engine first cutoff System pressure N/ cm2 776 798 794
psi 1126 1157 1151

Manifold temperature K 347 340 339

°F 165 153 151

Main engine second start | System pressure N/ cm2 7176 780 794
psi 1126 1131 1151

Recirculation pressure| N/ cm? 82 88 96

psi 119 127 139

Manifold temperature | K 330 324 315

°F 135 123 108

Main engine second cutoff | System pressure N/ cm2 7176 780 794
psi 1126 1131 1151

Manifold temperature K 352 344 341

oF 174 160 155
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VEHICLE STRUCTURES
by Robert C. Edwards and Dana H. Benjamin
Atlas Structures

Atlas system description. - The Atlas vehicle primary structure is provided by the
propellant tanks. These tanks are thin-walled, pressure-stabilized, monocoque sections
of welded construction (see fig. VI-44). They require certain minimum pressures
during various periods of flight in order to maintain structural stability. The strength
of the tanks as pressure vessels determines the maximum allowable pressure in the
propellant tanks.

Atlas tank flight pressures. - Because of varying loads and ambient pressures, the
maximum allowable and minimum required tank pressures were not constant.

The Atlas vehicle was subjected to its highest deéign bending load between T + 60
and T + 110 seconds. The bending, axial inertia, and aerodynamic drag created com-
pressive loads in the fuel and oxidizer tank skin. These loads were resisted by internal
pressure to prevent buckling of the skin. The Atlas fuel and oxidizer tank ullage pres-
sures during this time were above the minimum required to resist the combined bending
and axial design loads, and did not approach the maximum allowable pressure at any
time during the flight (see figs. VI-45 to VI-47).

The maximum allowable differential pressure between the oxidizer and fuel tanks
was limited by the strength of the Atlas intermediate bulkhead. The fuel tank pressure
must always be greater than the oxidizer tank pressure to stabilize the intermediate
bulkhead (prevent bulkhead reversal). The bulkhead differential pressure was within the
maximum allowable and minimum required pressure limits for all periods of flight
(see figs. VI-45 to VI-47).

Quasi-steady-state load factors. - The increase of longitudinal inertia was as ex-
pected. A maximum value which was within the specified limits of 5.62 to 5.78 g's was
reached at booster engine cutoff for all three flights (AC-13, 5.73 g's; AC-14, 5.76 g's;
and AC-15, 5.78 g's). |

~ Vehicle bending loads. - Flight bending loads were determined at station 461 on the
Atlas intersfage adapter for AC~13 and AC-15. Strain-gage data on the AC-14 vehicle
exhibited drift, so no quantitative analysis was performed. However, a qualitative
examination indicated AC-14 bending loads were similar to those of AC-13. The maxi-
mum flight bending moments were well within the maximum design bending moment as
shown by figures VI-48 and VI-49.
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Centaur Structures

Centaur system description. - The Centaur vehicle primary structure is provided
by the propellant tanks. These tanks are thin-walled, pressure-stabilized, monocoque
sections of welded construction (see fig. VI-50). They require certain minimum pres-
sures during various periods of flight in order to maintain structural stability. The
strength of the tanks, as pressure vessels, determines the maximum allowable pressure
in the propellant tanks. The propellant tanks are vented, as required, during the flight
to prevent excessive ullage pressures (see Centaur Pneumatics section).

Centaur tank flight pressures. - The maximum allowable and minimum required
- tank pressures were computed by using maximum design loads (as opposed to flight
loads) with appropriate factors of safety. Because of varying loads and ambient pres-
sures during flight, the maximum allowable and minimum required tank pressures were
not constant. The tank locations and the criteria which determined the maximum allow-
able and minimum required tank pressures during different phases of flight are des-
cribed in figure VI-51. The Centaur oxidizer and fuel tank ullage pressure profiles are
compared with the design pressure profiles in figures VI-52, VI-53, and VI-54 for
AC-13, AC-14, and AC-15, respectively. :

The oxidizer tank pressure was of concern only near the time of booster engine
cutoff (approx. T + 156 sec), when the high inertia load caused maximum tension loads
on the aft bulkhead. At this time, the maximum allowable oxidizer tank absolute pres-
sure was 22.7 newtons per square centimeter (33.0 psi). All three flight vehicles had
oxidizer tank pressures less than this value (figs. VI-52(a), VI-53(a), VI-54(a)). The
oxidizer tank pressure did not approach the minimum required for aft bulkhead stability
during any period of the three flights.

The strength of the fuel tank was governed by the capability of the conical section of
the forward bulkhead to resist hoop stress. Thus, the differential pressure across the
forward bulkhead determined the maximum allowable fuel tank pressure. This allowable
differential pressure was 18.5 newtons per square centimeter (26.8 psi). At no time
during any of the three flights did the fuel tank ullage pressure exceed the maximum
allowable pressure (see figs. VI-52 to VI-54).

Although well above the minimum required pressure at all times, the margin between
fuel tank ullage pressure and the minimum required pressure was least during the fol-
lowing events: _

(1) Prior to launch, the insulation panel pretensioning imposed local bending stresses
on the fuel tank cylindrical skin. The minimum required fuel tank absolute pressure at
this time was 13.1 newtons per square centimeter (19.0 psi). The actual fuel tank ab-
solute pressures are shown in figures VI-52(a), VI-53(a), and VI-54(a).

(2) During the launch phase at T + 0 seconds, the payload imposed compression loads
on the forward bulkhead as a result of inertia and lateral vibration. The minimum re-~
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quired fuel tank absolute pressure was 13.4 newtons per square centimeter (19.5 psi) at
T + 0 seconds. The actual fuel tank absolute pressures are shown in figures VI-52(a),
VI-53(a), and VI-54(a).

(3) From T + 60 to T + 110 seconds, the Centaur was subjected to maximum design
bending moments. The combined loads due to inertia, aerodynamic drag, and bending
imposed compression on the cylindrical skin at station 409.6. The minimum required
fuel tank absolute pressure to resist this compression and the actual fuel tank ullage
pressures are shown in figures VI-52(a), VI-53(a), and VI-54(a).

(4) At nose fairing jettison, the nose fairing exerted inboard radial loads at station
219. The minimum required fuel tank absolute pressure to resist these loads was 12.8
newtons per square centimeter (18.5 psi). The actual fuel tank ullage pressures are
shown in figures VI-52(b), VI-53(b), and VI-54(b).

The maximum allowable differential pressure between the oxidizer and fuel tanks
was limited by the strength of the Centaur intermediate bulkhead. The maximum design
allowable differential pressure was 15.9 newtons per square centimeter (23.0 psi). The
differential pressure was less than this maximum allowable for all periods of flight (see
figs. VI-52 to VI-54).

The oxidizer tank pressure must always be greater than the fuel tank pressure to
stabilize the intermediate bulkhead. The design minimum differential pressure was
1.4 newtons per square centimeter (2.0 psi). When the effect of the hydrogen fuel hydro-
static pressure was included, the differential pressure was still greater than this design
minimum for all periods of flight (see figs. VI-52 to VI-54). -

Vehicle Dynamic Loads

The Atlas-Centaur launch vehicle receives dynamic loading from several sources.
The loads fall into three major categories: (1) external loads from aerodynamic and
acoustic sources; (2) transients from engines starting and stopping and from the sep-
aration systems; (3) loads due to dynamic coupling between major systems.

Research and development flights of the Atlas-Centaur have shown that these loads
were within the structural limits established by ground test and model analysis. For
operational flights such as AC-13, AC-14, and AC-15, the number of dynamic flight
measurements is limited by telemetry capacity. The instruments used and the param-
eters measured were as follows:
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Instruments Corresponding parameters

Low-frequency-range accelerometer | Launch vehicle longitudinal vibration

Centaur pitch rate gyro Launch vehicle pitch plane vibration
Centaur yaw rate gyro Launch vehicle yaw plane vibration
Angle-of-attack sensor Vehicle aerodynamic loads

High-frequency-range accelerometers | Local spacecraft vibration

Launch vehicle longitudinal vibrations measured on the Centaur forward bulkhead are

presented in figure VI-55, which depicts the presence of specific responses at the times
noted. The frequency and amplitude of the vibration data measured on these three flights
are shown together with comparable data from other flights.

During launcher release, longitudinal vibrations were excited. The amplitude and
frequency of these vibrations were similar to those observed on vehicles prior to AC-13.
Atlas intermediate bulkhead pressure fluctuations were the most significant effects pro-
duced by the launcher-induced longitudinal vibrations. The peak pressure fluctuations
computed from these vibrations were 4. 5><104 newtons per square meter (6.5 psi). Since
the bulkhead static differential pressure measured at this time was 13. 6><104 newtons per
square meter (19.7 psi) (see fig. VI-46), the calculated minimum differential pressure
across the bulkhead was 9.1x10” newtons per square meter (13. 2 psi).

During Atlas flight between T + 50 and T + 140 secbnds, intermittent longitudinal
vibrations of 0.11 g, 11 hertz (AC-13); 0.12 g, 11 hertz (AC-14); 0.11 g, 12 hertz
(AC-15) were observed on the forward bulkhead. These vibrations are believed to be
caused by dynamic coupling between structure, engines, and propellant lines (commonly
referred to as ""POGO"). For AC-13, AC-14, and AC-15, the new SLV-3C Atlas
booster configuration was flown. The SLV-3C incorporates, among other modifications,
a modified propulsion system to provide an additional 6000 pounds of engine thrust and
a 51-inch extension of the propellant tank. As a result, the parameters controlling the
frequency and amplitude of these vibrations were changed slightly, but not significantly.
For a detailed discussion of this low-frequency longitudinal vibration see reference 5.

During the booster éngine thrust decay, short-duration longitudinal vibrations of
0.5 g, 14 hertz (AC-13); 0.6 g, 16 hertz (AC-14); 0.4 g, 13 hertz (AC-15) were ob-
served. The analytical models did not indicate significant structural loading due to
these transients.

During the boost phase of flight, the vehicle vibrates in the pitch and yaw planes as
an integral body at all of its natural frequencies. Previous analyses and tests have
defined these natural frequencies or modes and the shapes which the vehicle assumes
when the modes are excited. The rate gyros on the Centaur provide data for determining
the deflection of these modes. The maximum first-mode deflection was seen in the pitch
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plane at T + 122 seconds for AC-13, T + 142 seconds for AC-14, and T + 145 seconds for
AC-15 (figs. VI-56 to VI-58). The deflection was less than 15 percent of the allowable
deflection. The maximum second-mode deflection was seen in the yaw plane at T + 42
seconds for AC-13, T + 34 seconds for AC-14, and T + 35 seconds for AC-15 (figs. VI-59
to VI-61). The yaw deflection was less than 23 percent of the allowable deflection.

Predicted angles of attack were based on upper wind data obtained from a weather
balloon released before the time of launch. Vehicle bending moments were calculated
using predicted angles of attack, booster engine gimbal angle data, vehicle weights, and
vehicle stiffnesses. These moments were added to axial load equivalent moments and
to moments resulting from random dispersions. The most significant dispersions con-
sidered were uncertainties in launch vehicle performance, vehicle center of gravity
offset, and upper atmosphere wind. The total equivalent predicted bending moment
(based on wind data) was divided by the design bending moment allowable to obtain the
predicted structural capability ratio, as shown in figures VI-62 to VI-64. This ratio is
expected to be greatest between T + 52 and T + 80 seconds as a result of high aerody-
namic loads during this period. The maximum structural capability ratios predicted
for this period were 0.70 for AC-13, 0.80 for AC-14, and 0.78 for AC-15.

Transducers located on the nose fairing cap provided differential pressure meas-
urements in the pitch and yaw planes. Total pressure was computed from a trajectory
reconstruction. Angles of attack were computed from these data and are compai'ed with
predicted angles of aftack in figures VI-65 to VI-67. Since the actual angles of attack
were within the expected dispersion values, it follows that the maximum predicted
structural capability ratios of 0.70 for AC-13, 0.80 for AC-14, and 0.78 for AC-15 were
not exceeded. v '

Local: shock and vibration were measured by two continuous high-frequency accel-
erometers in the spacecraft area. The accelerometers were located on the forward
end of the payload adapter (station 129).

A summary of the most significant shock and vibration levels measured by the two
continuous accelerometers on AC-13, AC-14, and AC-15 together with comparable data
from AC-10, AC-12, and AC-11 is shown in table VI-14. The most significant reason
for the apparent discrepancy between the vibration data obtained from the new SLV-3C
vehicle and that obtained from the old LV-3C vehicle is that the locations of the high-
frequency-vibration accelerometers on the two vehicle configurations were different.

On AC-10, AC-12, and AC-11, the one continuous accelerometer was installed on one of
the retro-attach points of the spacecraft; however, on AC-13, AC-14, and AC-15, the
two continuous accelerometers were installed on the forward end of the payload adapter
(station 129). The data show that the payload adapter receives more vibration (espe-
cially during launch transient) than the spacecraft structure. The steady-state vibration
levels were highest near lift-off, as expected. The maximum level of the shock loads
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(12 g's) on all three flights occurred at Atlas-Centaur separation. These shock levels
are of short duration (about 0.025 sec) and did not provide significant loads. An analysis
of the data indicates that the levels were well within spacecraft qualification levels.

TABLE VI-14. - COMPARISON OF MAXIMUM SHOCK AND VIBRATION LEVELS AT MARK EVENTS?

Flight event Flight
AC—lOl AC-12 ‘ AcC-11 ] AC-13 l AC-14 AC-15 AC-13 AC-14 AC-15
Accelerometer location
Retromotor attachment 1, Payload adapter, station 129; Payload adapter, station 129;
station 125; quadrant quadrant I1; longitudinally quadrant I-IV; radially
I-1V; longitudinally sensitive; analysis band, sensitive
sensitive; analysis 10 to 790 Hz

band, 10 to 790 Hz

Launch:

Acceleration, g's 0.68 0.65 0.53 1.5 1.4 1.2 2.5 2.9 2.1

(rms)

Frequency, Hz 165 165 160 to 170 150,300 | 163,296,397 (225,296, 389,425 470 485 462,478, 525
Booster engine cutoff:

Acceleration, g's 0.8 1.2 0.7 1.2 0.96 1.7 0.83 0.38 0.6

Frequency, Hz 11 17 12 13 14 13 4.5 4.7 4.5
Booster jettison:

Acceleration, g's 0.5 0.46 0.3 <t1/2 <1/2 <1/2 <1/2 <1/2 <1/2

Frequency, Hz 16 16 23 14 PSR! 6

Insulation panel

jettison:
Acceleration, g's 10 10.1 12 ~14 ~13 ~14 ~12 ~12 ~9
Frequency, Hz 700 1600 to 700} 600 to 700{ 500 to 600| 500 to 600 500 to 600 500 to 600| 500 to 600} 500 to 600
Nose fairing jettison: 1.4 0.49 1.1 2.1 2.7 ' 3.2 2.0 1.6 2.0
Acceleration, g's 1.4 0.49 1.1 2.1 2.7 3.2 2.0 1.6 2.0
Frequency, Hz 32 20 32 400 to 500| 400 to 500 400 to 500 400 to 500] 400 to 500 | 400 to 500

Atlas~Centaur

separation:
Acceleration, g's 12 13 12 ~14 ~13 ~14 ~12 ~12 ~9.5
Frequency, Hz 600 |600 to 700 700 500 to 600 | 500 to 600 500 to 600 500 to 600| 500 to 600 | 500 tc 600

Main engine first

start:
Acceleration, g's { 0.38 0.5 0.4 0.5 0.6 0.5 {c) (¢} {c)
Frequency, Hz 20 20 to 21 19 to 20 22 20 22 {c) (c) {c)

Main engine first

cutoff:
Acceleration, g's | 1.14 0.95 2.0 1.6 0.9 0.9 0.9 0.7 0.7
Frequency, Hz 33 22 27 23 23 23 400 to 500} 400 to 500 { 400 to 500
Main engine second
start:
Acceleration, g's | (d) 0.66 (d) 0.7 0.6 0.6 (c) 0.5 (c)
Frequency, Hz (d) 20 to 22 (d) 20 to 30 30 23 {c) 400 to 500 {c)
Main engine second
cutoff:
Acceleration, g's {(d) 0.97 (d) 0.9 0.9 0.9 1.1 1.5 3
Frequency, Hz | (@) 24 @ 30 30 30 480 480 400 to 500

Maximum shock and vibration levels at mark events are given in terms of maximum single amplitude (in g's) and the most predominant
frequency (in Hz) except for rms levels which represent maximum levels observed at launch.
A nonstandard Interrange Instrumentation Group filter of 600 Hz was used to analyze launch data on AC-13, AC-14, and AC-15. All
other postlaunch data were analyzed with a 330-Hz filter.
®No detectable response.

dSingle-burn missions.
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Figure VI-44. - Atlas propellant tanks; AC-13, AC-14, and AC-15.
{Unless noted otherwise, all material is 301 extra-full-hard
stainless steel. )
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Figure VI-45, - Atlas fuel and oxidizer tank pressures, AC-13,
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Figure VI-49. - Bending moment at station 461, AC~15

143



144

~ Skin thickness,
in.

Forward bulkhead:
S, — ——0.016 to 0,010, half hard

\T‘\, 0.016 t0 0,012, extra hard
,__7’__-__m__-,.-_-_-;—::_—:?;::‘?_\ 0.016 to 0.010, half hard
. \ )

Station 218.90 — =" =
|
|
'l
Fuel tank
i
{
i
!
~0.014, extra hard
"Intermediate bulkhead,
E ) 013, half
— \\//-0 026 to 0.013, half hard
/ \
/ \
Station 412,72 —
Oxidizer tank —0.018, three-quarter hard

- _ ——0.020, three-quarter hard

CD-9782-31
Figure VI~-50. - Centaur propellant tanks. (All material 301 stainless
steel, of hardness indicated. )
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Figure VI-51. - Tank locations and criteria which determine allowable
pressures,
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Figure VI-52, - Centaur fuel and oxidizer tank pressure, AC-13, S1, S2, efc., indicate tank structure
areas which determine the allowable tank pressure (see fig. VI-51).
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Figure VI-53. - Centaur fuel and oxidizer tank pressures, AC-14. S1, S2, efc., indicate tank
structure areas which determine the allowable tank pressure (see fig. VI-51),
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149



Flight Single  Frequency,

amplitude, Hz
g's
AC-15 0.4 13 |
AC-14 B 16 |
Atlas booster engine AC-13 .5 14 I
cutoff transient AC-11 .5 14 1
AC-12 .48 13 i
AC-9 .62 12 i
Flight Single  Frequency,
amplitude, Hz
g's
| n AC-15 011 iz
HNeEmm | . n AC-14 .12 1
Structure - engine - HE E!IEBEE W AC-13 1
propeliant system _ _
coupled vibration i lEmE in AC-11
in R Bl ER M A
M AC-9 115
Flight Single  Frequency,
amplitude, Hz
g's
AC-15  0.42 6
AC-14 ]
Launcher AC-13 .38
release transient AC-11 .35
AC-12 .32
AC-9 N

I l | | | | | |
0 20 40 60 80 100 120 140 160
Flight time, sec

Figure VI-55, - Longitudinal vibrations for Atlas-Centaur flights,
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Figure VI-57. - Maximum pitch plane.-first-bending-mode am-
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Figure VI-58. ~ Maximum pitch plane first-bending-mode am-
plitudes at T + 145 seconds, AC-15.
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Figure VI-60, - Maximum yaw plane second-bending-mods
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Figure VI-61. - Maximum yaw plane second-bending-mode
amplitudes at T-+ 35 seconds, AC-15.
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SEPARATION SYSTEMS
by Thomas L. Seeholzer, Charles W. Eastwood, and Joseph E. Olszko
Separation Systems

System description. - Atlas-Centaur vehicles require systems for Atlas booster
engine stage separation, Atlas-Centaur stage separation, and Centaur-Surveyor sepa-
ration. ‘

The Atlas booster engine stage separation system consists of 10 helium-gas-
operated latch mechanisms. These latches (figs. VI-68(a) and (b)) are located circum-
ferentially around the Atlas aft bulkhead thrust ring at station 1133. There is an ex-
plosive VaIVe, which when activated connects a 2068 newton-per square-centimeter-gage
(3000-psig) helium supply with the distribution manifold. The expanding gas flows
through this manifold and causes actuation of the separation fittings. Actuation of these
fittings results in the disengagement of the booster engine from the Atlas vehicle. Two
tracks which extend from the thrust ring as shown in figure VI-69 are used to guide the
booster engines as they separate from Atlas.

The Atlas-Centaur staging system consists of a flexible, linear, shaped charge
mounted circumferentially near the forward end of the interstage adapter at station 412
(fig. VI-70). Separation force is provided by eight retrorockets mounted on the aft end
of the Atlas (fig. VI-T1).

The Surveyor spacecraft release system consists of three pyrotechnically operated
pin puller latches mounted on the forward payload adapter (fig. VI-72). Separation force
is provided by three mechanical spring assemblies, one mounted adjacent to each sepa-
ration latch on the forward adapter. The spring stroke is 2.54 centimeters (1 in.).

Atlas booster engine staging system performance. - Atlas booster thrust section
staging occurred at 3 seconds after booster engine cutoff for all three flights. This
event was verified by cutoff data from the B-1 pitch actuator and initiation of data irom
the missile axial (fine) accelerometer. The following table summarizes the thrust
section separation event times:

Flight | Booster engine cutoff, | Thrust section staging,
sec sec

AC-13 T +153.2 T + 156.3

AC-14 T +153.2 T +156.3

AC-15 T +152.4 T + 155.5
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Atlas-Centaur separation system performance. - The Atlas satisfactorily separated

from Centaur on all three flights. Vehicle staging was initiated by the firing of the
ﬂéxible, linear shaped charge. The eight retrorockets separated Centaur from Atlas
0.1 second later. Accelerometer data indicated that all eight retrorockets fired.
During separation, 28 centimeters (11 in.) of clearance was available between Atlas and
Centaur along the y-y axis (pitch motion). There was also 79 centimeters (31 in.) of
clearance along the x-x axis (yaw motion). The following table lists the event times and
Atlas pitch and yaw rotations and motions during staging for each flight:

Flight {Shaped-charge| Retrorocket firing | Pitch rotation, | Pitch motion® | Yaw rotationb, Yaw motion
firing time, time, seconds deg - deg -
sec after shaped tm 1. cm | 1n.
charge firing
AC-13| T +248.2 0.1 0.15 3.8 1 1.5 0.49 12.51 4.9
AC-14| T +247.7 .1 .19 4.811.9 .34 8.6 3.4
AC-15] T +250.6 .1 .29 7.4 1 2.9 .16 4.111.6

Spacecraft separation system performance. - The Surveyor spacecraft successfully
separated from the Centaur vehicle on the AC-13, AC-14, and AC-15 flights. The sepa-
ration produced forward motion of the spacecraft with no significant rotation. These
facts were verified by Centaur rate gyro data and separation spring extensometer data.
On AC-15, excessive disturbances in the separation spring extensometer data prevented
its proper evaluation. However, successful separation from the AC-15 vehicle was
verified by rate gyro data and by tracking data from the Pretoria tracking station. On
the AC-13 and AC-14 flights, the extensometer data indicated that all three separation
latches actuated within 0. 002 second of each other. The three separation springs were
calibrated at the Eastern Test Range prior to flight. These springs operated normally
during separation and yielded approximately identical stroke against time data. Spring
extensometer and calibration data for AC-13 and AC-14 are shown in figures VI-73 to
VI-T76. Spacecraft separation times for the three flights were T + 1165.6, T + 1528.9,
and T + 2115.3 seconds for AC-13, AC-14, and AC-15, respectively.

Jettisonable Structures

System description. - Atlas-Centaur missions require jettisonable structures and
their related separation systems. These consist of hydrogen tank insulation panels and a
nose fairing.
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The hydrogen tank insulation is made up of four panels. These panels are of fiber
glass skin sandwich construction with a polyurethene-foam-filled core. They are bolted
together along the longitudinal axis to form a cylindrical cover for the Centaur liquid-
hydrogen tank. The panels are joined to the Centaur vehicle at their aft end by a metal
ring, as shown in figure VI-77. At the forward end, a circumferential Tedlar and fiber
glass cloth seal connects the panels to the base of the nose fairing at station 219, as
shown in figure VI-78.

The insulation panel separation consists of flexible, linear shaped charged located
at the forward, aft, and longitudinal seams (figs. VI-77 and VI-78). Each panel is
hinged about two points located on the interstage adapter (fig. VI-79). Separation force
is provided by (1) elasticity of the panels due to hoop tension, (2) center-of-gravity
offset, and (3) residual in-flight purge pressure.

The nose fairing is a fiber glass honeycomb structure consisting of a cylindrical
section approximately 1.83 meters (6 ft) long, bolted to a conical section approximately
4,87 meters (16 ft) long. It is assembled in two jettisonable halves with the split line
along the x-x axis (fig. VI-80). Thermal protection, in the form of a subliming agent,
is-applied to the fairing to maintain necessary strength at high temperatures. The nose
fairing separation system consists of a flexible, linear, shaped charge mounted circum-
ferentially at the aft end of station 219, as shownin figure VI-78. There are also eight
pyrotechnically actuated pin puller latches mounted as shown in figure VI-80. Separation
force is provided by two nitrogen gas thrusters located at the forward end of the nose
cone, one in each fairing half. Each fairing half is hinged at a single point on the Cen-
taur hydrogen tank at station 219 on the y-y axis (see fig. VI-80).

Insulation panel separation system performance. - Jettison of the four panels was
completely normal on the AC-13, AC-14, and AC-15 flights. Jettison was initiated by
a command signal which was monitored on a commutated channel. Following issuance
of the command, the linear shaped charge fired to sever the panel attachments.
Shaped-charge firing times were determined from an axial accelerometer mounted on the
spacecraft foot. The following table lists command and shaped-charge firing times for
all three flights:

Event Flight

AC-13 AC-14 AC-15

Time, sec

Separation command | T +197.93 | T + 197.99 | T + 197.08

Shaped-charge firing | T + 197.95 | T + 198.01 |{T + 197.10

157



Rotation of the panels to the 35° position was sensed by breakwire-type transducers.
The panels were released from the Centaur vehicle after approximately 45° of rotation.
Each panel was instrumented with a breakwire, extending from one of the hinge arms to
the interstage adapter, adjusted to sever at 359 of panel rotation (fig. VI-81). Since the
breakwire data were monitored on commutated channels, the data indicated a time dis-
persion for the event. Breakwire disconnect times for all three flights are shown in the

following table:

Panel located in | Hinge arm Panel 35°-rotation time, sec
quadrants- located in
quadrant-
1-11 I T +198.36to | T + 198.43 to |{T + 197.50 to
T +198.38- | T +198.44 T + 197.51
II-1II I T +198.36to | T +198.46 to | T + 197.55 to
T + 198.38 T + 198.48 T + 197. 56
mI-1v Jiig T +198.37to | T + 198.42 to | T + 197.52 to
T + 198.39 T + 198.43 T + 197.54
Iv-1 I T +198.37to | T +198.42 to |T + 197.52 to
' T + 198. 39 T + 198.43 T + 197.54

Average rotation velocities of the panels from the time of shaped-charge firing to the
mean time of the 35° position of each panel are listed in the following table. The values
also compare well with values from two previous flights, AC-11 and AC-12.

Panel located in Average rotation velocities from
quadrants- shaped-charge firing to mean
time of 35° position,
deg/sec
AC-11 | AC-12 | AC-13 | AC-14 | AC-15
I-I1 79.6 84.6 83.8 82.6 87.5
-1 89.6 72.9 83.8 76.5 7.5
I-1v 79.8 81.4 82.6 84.3 82.5
V-1 85.8 75.6 79.4 78.0 76.5

158



Nose fairing separation system performance. - The jettisons of the AC-13, AC-14,
and AC-15 nose fairings were fully successful events. Approximately 27 seconds prior
to nose fairing jettison, a flexible, linear, shaped charge cut the aft joint attaching the
nose fairing to the Centaur vehicle. This event was indicated by axial accelerometer
data. The nose fairing jettison system was then activated by a programmed command.
Eight pyrotechnically operated pin pullers unlatched the nose fairing split line. Approx-
imately 0.5 second later, the two nitrogen thruster bottles were actuated, causing the
fairings to rotate about their hinge points approximately 35°. The fairing halves then
jettisoned from the Centaur vehicle. Latch actuation and thruster firing times were
determined from accelerometer data. Rotation of the fairing halves to the 3° point was
sensed by disconnect pins in the electrical connectors which separate at jettison. The
following table summarizes significant nose fairing separation event times on all three
flights:

Event Time, sec
AC-13 AC-14 AC-15
Split line latch actuation| T + 227.2 T +227.3 T +226.4
Nitrogen thruster bottle | T +227.7 T + 227. 8 T +226.9
actuation
3°fairing rotation® T +227.Tto| T +227.8t0o | T v 226.9 to
T +228.6 T +228.5 T +227.0

2pata from commutated channel.

During fairing jettison the payload compartment pressure remained at zero with no pres-
sure surge occurring at thruster bottle discharge. Figure VI-82 shows the typical com-
partment pressure decay for the three flights.
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ELECTRICAL SYSTEMS

by John M, Bulloch, Robert J. Freedman, John E. Moss,
John B, Nechvatal, and James Nestor

Power Sources and Distribution

System description - Atlas. - The Atlas power requirements are supplied by a main
power battery, two range safety command (vehicle destruct) system batteries, two te-
lemetry batteries (one only on AC-15), and a 400-hertz rotary inverter. Transfer of the
Atlas electrical load from the external ground power supply to internal batteries is ac-
complished by the main power changeover switch at T - 2 minutes. The system block
diagram is shown in figure VI-83.

System performance - Atlas. - All power sources performed satisfactorily through-
out each flight., Battery voltage levels at lift-off were normal. Battery voltages were
not monitored during flight; hdwever, telemetered information on pyrotechnic systems,
booster and sustainer cutoffs, range safety receiver operation, and all other vehicle
systems indicated that all systems performed as planned. No deviations were observed
in the electrical power systems performance.

The Atlas inverter performed normally. Phase voltages, monitored throughout each
flight remained almost steady, with a decrease in voltage of less than 1/2 volt in the
time from lift-off to Atlas-Centaur separation. The inverter frequencies remained
quite steady, drifting slightly upward from the values at lift-off. The gradual drift in
frequency is characteristic of the Atlas inverter and was observed on previous flights.
The required frequency difference of 1.5 to 3.5 hertz between the Atlas and Centaur
inverter frequencies was properly maintained. This difference prevents undesirable
beat frequencies in the flight control system. Beat frequencies which are resonant with
the slosh and natural structural resonant frequencies of the vehicle may cause the flight
control system to issue false commands which may degrade vehicle stability. Voltage
and frequency measurements at lift-off are given in table VI-15.

System description - Centaur. - The Centaur electric power system includes a main
battery, two redundant range safety command (flight termination) system batteries, and
two pyrotechnic system batteries. A three-phase, 400-hertz, solid-state inverter is
powered from the main battery and provides alternating current to the guidance, flight
control, and propellant utilization systems. A power changeover switch is used to trans-
fer the Centaur electrical system to internal power at T - 4 minutes, and to turn off all
systems except telemetry and tracking at the end of programmed flight.

System performance - Centaur. - The Centaur electric system voltages and currents
were normal at lift-off. The system satisfactorily supplied power to all electrical loads
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throughout the flight. Electrical data at lift-off were normal for all three flights. These
data are shown in table VI-16. The main battery load profile was normal for all three
flights and compared closely with values recorded on previous missions. Main battery
current values observed at significant events are shown in table VI-17. The Centaur
solid-state inverter supplied stable 400-hertz power for the guidance, flight (iontrol,

and propellant utilization sytems. Telemetered voltage levels were normal and compared
closely with values obtained during preflight testing. Voltage levels increased slightly
during flight, a characteristic of the Centaur inverter. Table VI-15 summarizes the
inverter performance in flight. Performance of the range safety command (vehicle
destruct) subsystem batteries was satisfactory, as verified by telemetered data of the
two receivers during launch and flight. Proper operation of the pyrotechnic subsystem
was verified by the successful jettison of the insulation panels and nose fairing.

Tracking System

System description. - A C-band radar subsystem with associated ground stations
provides position and velocity data to the range safety tracking system. These data are
also used by the Deep Space Network for acquisition of the spacecraft, and for guidance
and flight trajectory data analysis. The airborne equipment includes a lightweight trans-
ponder, a circulator (to channel receiving and sending signals), a power divider, and
two antennas located on opposite sides of the tank. The locations of the Centaur antennas
are shown in figure VI-84. The ground and ship stations use standard radar equipment
and are located as shown in figures VI-85 to VI-87 for AC-13, AC-14, and AC-15, re-
spectively. A block diagram of the AC-13, AC-14, and AC-15 C-band systems is shown
in figure VI-88.

System performance. - For AC-13, C-band radar coverage was obtained up to
T + 4619 seconds (fig. VI-89). Cape Kennedy, Grand Bahama Island, and Bermuda radar
provided coverage during Atlas-Centaur powered flight. Bermuda, Canary Island, and
Pretoria radar tracking stations provided data for near-real-time orbit calculation.

The Grand Turk, Twin Falls, and Tananarive stations failed to provide data. The
Carnarvon radar provided limited support.

For AC-14, C-band radar tracking was satisfactory, and coverage was obtained to
T + 5296 seconds (fig. VI-90). Bermuda, Twin Falls, and Pretoria provided data for
parking orbit, lunar transfer orbit, and postretromaneuver calculations. Cape Kennedy,
Grand Bahama, Grand Turk, and Bermuda radar tracking stations provided coverage dur-
ing Atlas-Centaur powered flight. The Tananarive radar station filed to track because of
ground equipment problems.

For AC-15, C-band radar tracking was satisfactory, and coverage was obtained to
T + 4686 seconds (fig. VI-91). Cape Kennedy, Grand Bahama, Grand Turk, and Bermuda
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radar tracking stations provided coverage during Atlas-Centaur powered flight. Bermuda,
Antigua, Ascension, Twin Falls, Pretoria, Tananarive, and Carnarvon provided data for
parking orbit, lunar transfer orbit, and postretromaneuver calculations. Tananarive

and Carnarvon had intermittent track as a result of marginal signal strength conditions

at these stations.

Range Safety Command Subsystem
(Vehicle Destruct Subsystem)

Subsystem description. - The Atlas and Centaur stages each contained independent
range safety command subsystems. These subsystems are designed to function simul-
taneously upon command from the ground stations. Each subsystem included redundant
receivers, power control units, destructors, and batteries which operate independently
of the main vehicle power system. Block diagrams of the Atlas and Centaur subsystems
are shown in figures VI-92 and VI-93, respectively.

The Atlas and Centaur range safety command subsystems provide means of shuiting
down the engines only or shutting down the engines and destroying the vehicle if it leaves
the safe flight corridor. To destroy the vehicle an explosive charge ruptures the pro-
pellant tanks and the liquid propellants of the Atlas and Centaur stages are dispersed.

At the same time, the Surveyor retromotor is destroyed by a shaped charge.

Subsystem performance. - The Atlas and Centaur range safety command subsystems
were prepared to execute destruct commands throughout the flight; however, engine cutoff
or destruct commands were not needed nor were they inadvertently transmitted. The
command from the Antigua ground station to disable the Centaur range safety command
subsystem shortly after Centaur main engine first cutoff was properly received and
executed. Figures VI-94 to VI-96 depict ground transmitter coverage to support the
vehicle destruct systems for AC-13, AC-14, and AC-15, respectively.

Signal strength at the Atlas and Centaur range safety command receivers was satis-
factory throughout the AC-13, AC-14, and AC-15 flights as indicated by telemetry meas-
urements, with one exception. On AC-13, the signal strength at both Centaur range
safety receivers indicated decreasing signal input at approximately T + 350 seconds. By
T + 391 seconds, the signal strength at each receiver decreased to zero for approximately
2 seconds. The probable cause of the decrease in signal strength was the fact that
Grand Turk had very poor look angles at this time.

Telemetered data indicated that both the Centaur receivers were deactivated shortly
after main engine cutoff on AC-13, AC-14, and AC-15. This confirmed that the disable
command was transmitted from the Bermuda station for AC-13 and AC-14 and the
Antigua station for AC-15.
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Instrumentation and Telemetry

System description - Atlas. - The Atlas telemetry system consists of two Pulse
Amplitude Modulation/Frequency Modulation/Frequency Modulation (PAM/FM/FM)
radiofrequency links for AC-13 and AC-14. A block diagram of this sytem is shown in
figure VI-97. The standard first radiofrequency link monitors vehicle systems param-
eters and performance for AC-13, AC-14, and AC-15. It operates at a frequency of
229.9 megahertz. A second telemetry system was added for AC-13 and AC-14, operating
at a frequency of 232.4 megahertz, to check the structural dynamics and the thermo-
dynamics of the new SLV-3C vehicle. The two telemetry systems were located in the
B-1 pod and connected to the B-1 and B-2 pod antennas.

Use of the PAM technique on all Atlas and Centaur commutated channels allows
many measurements to be made on one subcarrier frequency. This increases the data
handling capability of the telemetry system. The FM/ FM technique takes discrete
values from transducers and frequency modulates the subcarrier which, in turn, fre-
quency modulates the carrier (radiofrequency link).

System performance - Atlas. - The telemetry coverage for the Atlas portion of the
flights (figs. VI-98 to VI-100) lasted for approximately 525 seconds and was excellent.
This time interval extends well beyond Atlas-Centaur separation and meets all telemetry
coverage requirements. Station locations are shown in figures VI-85 to VI-87.

On AC-13 and AC-14 a total of 208 measurements each were telemetered for analysis
(table VI-18), while on AC-15 only 131 measurements were télemetered (table VI-19).
The difference was the extra link on AC-13 and AC-14.

On AC-13 all measurements were satisfactory, except two measurements which
failed to provide completely useful data. The liquid-oxygen inlet duct lateral acceleration
(AP180) did not provide useful data after T + 30 seconds. Bias level shifts up to 50 per-
cent information bandwidth were noted after this time. This is characteristic of ampli-
fier saturation and could be caused by separation of the shield from one of the connectors
on the coaxial cable which connects the transducer to its amplifier. The sustainer tur-
bine exhaust duct pressure (AP98P) exhibited transients from T - 0 to T + 40 seconds
and from T + 210 seconds to sustainer engine cutoff. (Cause of the transients is unknown;
however, steady-state pressure levels were as expected and no data were lost.)

Of the 208 measurements made on AC-14 only four measurements showed unexpected
outputs. These were the liquid-oxygen fill and drain value longitudinal accelerometer
(AA3060) and the B-1 pod differential pressures (AA556P, AA557P, and AA558P). The
AA3060 measurement showed an erratic output from T + 156. 55 seconds to T + 157. 3
seconds, and thereafter the data were normal. This time is close to booster engine
jettison, which could have caused this erratic output. Measurements AA556P, AA55TP,
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and AA558P indicate that the outside ports of the differential pressure transducers may
have been plugged.

Of the 131 measurements made on AC-15, only one measurement failed. Sustainer
hydraulic return pressure (AA601P) exhibited erratic data from T + 62 seconds to sus-
tainer engine cutoff. The cause of failure is unknown.

System description - Centaur. - The Centaur telemetry system consists of one
PAM/FM/FM radiofrequency link. A block diagram of this system is shown in fig-
ure VI-101. This system operates at 5 watts output at a frequency of 225.7 megahertz.
A total of 163 measurements (table VI-20) were made on AC-13, while 161 measurements
(table VI-21) were made on each of the AC-14 and AC-15 flights. All data on the vehicle
system parameters and performance are transmitted through the omnidirectional an-
tenna located on the forward umbilical island.

System performance - Centaur. - The telemetry coverage for the Centaur portion
of flight (figs. VI-102 to VI-104) exceeded 5000 .seconds. This time interval extended
beyond power changeover and met all telemetry requirements. Station locations are
shown in figures VI-85 to VI-87.

The coverage of AC-13 (fig. VI-102) was good. However, data received from the
airplane Audit I were noisy from approximately 725 seconds to loss of data. The data
from the range instrumentation ship Twin Falls were noisy from acquisition of signal
to T + 905 seconds. Momentary losses of data of 1 to 15 seconds duration occurred after
this time. Audit I and the Twin Falls covered primarily the coast phase of the AC-13
flight. Overlapping coverage was also provided by the airplane Audit II.

The coverage on AC-14 (fig. VI-103) was intermittent. The range instrumentation
ship Coastal Crusader received noisy data for its entire view period. This resulted in
the loss of important data during the main engine restart sequence. Although the re-
start sequence was lost, the Twin Falls did cover main engine second ignition. The gap
in data which existed between T + 742 and T + 985 seconds occurred because no teleme-
try ship was stationed in the area.

The coverage on AC-15 (fig. VI-104) was fair. The only gap which existed was due
to the absence of a telemetry ship and not a station malfunction. However, Pretoria's
coverage was extremely noisy. This could have been caused by the ground antenna
locking on to a minor lobe of the Centaur's antenna pattern.

Of the 160 measurements made on AC-13, three failed to yield data during portions
of the flight. Liquid-oxygen boot pump turbine inlet pressure (CP26P) response was
slow at main engine first start and main engine first cutoff. Cause of the failure is be-
lieved to be a frozen sensing line. Thermal insulation will be added to prevent re-
occurrence of the problem on future flights. C-1 engine fuel pump temperature meas-
urement (CP122T) failed to provide sufficient transient response. The probe is being
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redesigned to improve response. S-4 chamber surface temperature measurement
(CP693T) indicated lower than expected temperature during the S-4 half-on mode. The
cause of this measurement failure is not known. However, such results would be ex-
pected if the sensor became partially detached from the surface.

Five the the 162 measurements on AC-14 failed during portions of ﬂ1ght The nose
cap angle-of-attach pitch pressure transducer (CA473P) opened at T + 68. 3 seconds.
C-1 liquid-oxygen pump temperature (CP124T) and C-1 engine fuel pump temperature
(CP122T) measurements responded slowly, just as did CP122T on AC-13. The C-1
engine turbopump surface temperature measurement (CP728T) failed at T + 326 seconds.
The response of liquid-oxygen boost pump turbine inlet pressure measurement (CP26P)
was Slow, ason AC-13.

Three of the 162 measurements on AC-15 lost data during portions of the flight.
Two of these were the slow response of CP26P and CP122T, which also occurred on
AC-13 and AC-14. Bias shifts occurred on the spacecraft leg number 1 radial vibration
measurement (CA7720) at T + 1449 and T + 1586.5 seconds - less than 2 seconds of
data was lost at each of these times.

TABLE VI-15. - INVERTER PERFORMANCE

Measurement | Units AC-13 AC-14 AC-15
Lift-off | (a) Lift-off | (a) Lift-off | (a)
Atlas

Phase A v 115.3 ~0.4 | 115.9 -0.4 | 114.9 | -0.4

Phase B v 115.8 -.4 {116.0 |{ %2 |115.8 -.8

Phase C v 115, 8 ~-.4 | 115.8 -.4 ] 116.0 -.8

Frequency Hz 402.7 +.3 | 402.7 -.3 | 402.6 +.4

Centaur

Phase A v 116.2 +0.2 | 115.6 +0.5 [ 116.2 | +0.4

Phase B v 115.4 +2 | 115.2 +.3 | 116.3 +.7

Phase C v 115.5 {+.1 115.6 +.2 | 115.2 +.4

Fre -.2

Frequency | Hz 400.0 0 400.0 | O 400.0 0

Temperature K 306 -~-= | 304 --== | 305 ——
op 90.6 -——-| 87.8 - | 88.4 |----

ADrift from lift-off value during programmed flight.
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TABLE VI-16. - ELECTRICAL DATA AT LIFT-OFF

Units Flight
AC-13| AC-14 | AC-15
Atlas
Main battery \s 28.1 28.0 28.1
Telemetry battery:
Number 1 v ' 28.5 28.5 28.4
" Number 2 A% 28.5 28.3 (a)
Range safety command
battery:
Number 1 v 29.8 | 29.0 29.2
Number 2 v 29.3 29.2 29.2
Centaur
Main battery A 44 45.5 44
Main battery \' 28.5 28.2 28.3
Range safety command
battery:
Number 1 \' 32.6 32.6 32.5
Number 2 \' 32.8 32.7 32.6
Pyrotechnic battery:
Number 1 v 35.8 36.1 35.6
Number 2 v 36.0 35.9 35.2

2)Not used on AC-15.




TABLE VI-17. - CENTAUR MAIN BATTERY LOAD PROFILE

Event Main battery load, A
AC-13 | AC-14 | AC-15
Preload 13 13 13
Changeover, external power to battery 42.5 44 43
Lock liguid-hydrogen vent valve 45.5 47.5 46
Eject Centaur umbilicals 44 45.5 44
Lift-off (T - 0) 44 45.5 44
Unlock liquid-hydrogen vent valve 42 43 42.5
Lock liquid-hydrogen vent valve (booster engine cutoff) 44 45 43
Unlock liquid-hydrogen vent valve 42 43 42
Start boost pumps and lock liquid-oxygen vent valve 45.5 46.5 45.5
Lock liquid-hydrogen vent valve and pressurize tank 48 49.5 417,
(sustainer engine cutoff)
Start hydraulic recirculating pumps and end pressurization | 53 53.5 52
of liquid-hydrogen tank
Prestart main engines 55 56 54
Energize igniters, start main engines (MES-1) 61 62 60
Igniters off, hydraulic recirculating pumps off 52 53 51
Main engine cutoff (MECO-1), boost pumps off, end 48 49 48.5
prestart, verniers half on
Unlock liguid-hydrogen vent valves (MECO backup) 46 47 46.5
Vernier engines cutoff, start coast phase 44.5 45 45
Lock liquid-hydrogen vent valve, start tank burp 49 ———— 48.5
pressurization
Start boost pumps, start hydraulic recirculating pumps 55 —— 53.5
Stop liquid-oxygen tank burp pressurization 54 - 53.5
Energize liquid-oxygen and hydrogen prestart solenoids 56.5 O 55.5
Energize igniters, start main engines (MES-2), liquid- 60 _—— 59.5
hydrogen tank burp pressurization
Stop hydraulic recirculating pumps 51 51.5 50.5
Stop boost pumps (MECO-2) 44.5 46.5 44
aSpacecraft electrical disconnect -—— —— ————
aSpacecraft separation ——— ——— ———
Vernier engines to half on 47 47.5 47
Vernier engines off ) 45 45 44
Energize liquid-oxygen and hydrogen prestart solenoids, 52.5 53 51
start hydraulic recirculating pumps, begin prestart
Unlock liguid-oxygen and hydrogen vent valves ‘ 48 50 48
Energize main power changeover switch 53 53.5
bPower turnoff 0 0 0

4These measurements are not reliable because of the short duration of the pulse which

may or may not appear on a commutated measurement.

Telemetry and tracking remain on. However, main battery current cannot be monitored

beyond power turnoff because of loss of 60-Hz excitation to the dc current probe.
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TABLE VI-19. - ATLAS MEASUREMENT SUMMARY FOR AC-15

System Measurement type

Accel-| Rota-| Dis- | Vibra-| Pres-| Fre- {Rate|Strain|Temper-| Volt- | Dis- |[Totals

era- tion |place-| tion sure |quency . ature age |[cretes

tion rate | ment
Airframe 4 3 4 14 4 29
Range safety | 3 1 4
Electrical . 1 4 5
Pneumatics 9 3 12
Hydraulics 6 , 6
Dynamics 1 2 3
Propulsion 3 3 18 6 6 36
Flight control 11 3 4 13 31
Telemetry 1 1
Propellants 1 2 1 4
Totals 2 3 14 4 38 1 -3 4 24 12 26 131
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TABLE VI-20. - CENTAUR MEASUREMENT SUMMARY FOR AC-13

Systems Measurement type
Rota- |Current | Dis- |Vibra-|Pres-| Fre- |Rate|Temper-| Digital |Volt-{ Dis- [Totals
tion place-| tions | sure |quency ature age |cretes
rate ment -
Airframe 3 3 6
Range safety 2 3 5
Electrical 1 1 4 6
Pneumatics 5 3 2 10
Hydraulics 2 2 4
Guidance 1 1 16 18
Separation 1 1
1 Propulsion 4 | 12 7 20 20 56
Flight control 3 4 35 42
Propellants 2 2 4
Spacecraft 3 5 1 1 1 11
Totals 4 1 6 5 20 1 3 30 2 28 63 | 163
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TABLE VI-21. - CENTAUR MEASUREMENT SUMMARY FOR AC-14 AND AC-15

System Measurement type

Rota- | Current| Dis- |Vibra-|Pres-| Fre- |Rate |Temper-] Digital|Volt-| Dis- | Totals

tion place-]| tion sure | quency| ature age | cretes

rate ment
Airframe 2 3 3 8
Range safety 2 3 5
Electrical 1 1 4 6
Pneumatics 5 3 2 10
Hydraulics 2 2 4
Dynamics 1 -1 16 18
Propulsion 4 12 22 20 58
Flight control 3 4 35 42
Propellant 2 2 4
Spacecraft 3 1 1 1 6
Totals 4 1 5 2 20 1 3 32 2 28 63 161
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GUIDANCE AND FLIGHT CONTROL SYSTEMS
by Michael Ancik, Larry Feagan, and Corrine Rawlin

The objectives of the guidance and flight control systems are to guide the launch
vehicle to the orbit injection point and establish the vehicle velocity necessary to place
the Surveyor spacecraft in a lunar transfer orbit. To accomplish these objectives the
guidance and flight control systems provide vehicle stabilization, control and guide the
vehicle along the flight path, and sequence flight events of the launch vehicle. These
functions are performed at specified time periods from vehicle lift-off through comple-

- tion of the Centaur retromaneuver after spacecraft separation. An inertial guidance
system is installed on the Centaur stage. Separate flight control systems are installed
on the Atlas and Centaur stages. The guidance system, operating with the flight control
systems, provides the capability to stabilize the vehicle and compensate for trajectory
dispersions resulting from thrust misalinement, winds, and vehicle performance varia-
tions.

Three modes of operation are used for stabilization, control, and guidance of the
launch vehicle. These modes are rate stabilization only, rate stabilization and attitude
control, and rate stabilization and guidance control. Block diagrams of the three modes
are shown in figure VI-105. The flight times during which a particular mode is used are
shown in figure VI-106. This figure also shows the modes of operation of the Centaur
hydrogen peroxide attitude control system, which are discussed later in this section.

The flight control system controls tha vehicle by gimbaling the engines to provide
thrust vector control while the main engines are firing or by commanding various com-
binations of the hydrogen peroxide attitude control engines on or off during coast periods,
when the main engines are not firing. In the rate-stabilization-only mode, output sig-
nals from rate gyros are used to control the vehicle. The oufput signal of each rate
gyro is proportional to the angular rate of rotation of the vehicle about the input axis of
the gyro. The vehicle angular rates are minimized, by the flight control system, to
stabilize the vehicle. The rate-stabilization-only mode stabilizes the roll axis of the
Centaur stage continuously after Atlas-Centaur separaiion except during Centaur-
spacecraft separation. This mode is also used to stabilize the pitch and yaw axis of the
Centaur stage for 12 seconds following Atlas-Centaur separation, 4 seconds following
main engine second start, and the period between main engine second cutoff and Centaur-
spacecraft separation. Rate stabilization is also combined with position (attitude) in-
formation in the other two modes of operation.

The rate-stabilization-and-attitude control mode is used for pitch, yaw, and roll
control during the Atlas booster phase of flight and for roll control only during the Atlas
sustainer phase of flight. This mode is termed attitude control since the displacement
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gyros (one each for the pitch, yaw, and roll axes) provide a reference attitude to which
the vehicle is to be alined. However, if the actual flight path differs from the desired
flight path, there is no way of determining the difference and correcting the flight path.
The reference attitude is programmed to change during booster phase. These changes
in reference attitude cause the vehicle to roll to the programmed flight azimuth angle
and to pitch downward. Vehicle stabilization is accomplished in the same manner as in
the rate-stabilization-only mode. The rate stabilization signals are algebraically
summed with the attitude reference signals. These resultant signals are used to control
and stabilize the vehicle.

The rate-stabilization-and-guidance-control mode is used for the pitch and yaw axes
during Atlas sustainer firing and Centaur main engine first and second firings, and
during coast periods except for 12 seconds following Atlas-Centaur separation, 4 seconds
following main engine second start, and the period between main engine second cutoff
and Centaur-spacecraft separation. In this mode, the guidance system provides the
attitude and direction reference. If the resultant flight path, as measured by the guidance
system, is not the desired flight path, the guidance system issues steering signals to
direct the vehicle to the desired flight path. Vehicle stabilization is accomplished in
the same manner as in the rate-stabilization-only mode. The pitch and yaw rate stabi-
lization signals are algebraically summed with the appropriate pitch and yaw steering
signals from the guidance system. These resultant signals are used tv control and
stabilize the vehicle. Figure VI-107 is a simplified diagram of the interface between
the guidance system and the flight control system. '

Guidance System

System description. - The Centaur guidance system is an inertial system which
becomes completely independent of ground control approximately 9 seconds before lift-
off of the vehicle. The guidance system performs the following functions:

(1) Measures vehicle acceleration in fixed inertial coordinates

(2) Computes the values of actual vehicle velocity and position, and computes the

vehicle flight path to attain the trajectory injection point

(3) Compares the actual position to the desired flight path and issues steering sig-

nals

(4) Issues discrete commands
A simplified block diagram of the guidance system is shown in figure VI-108.

Inertial measuring unit: Vehicle acceleration is measured by

(1) The inertial platform unit, which contains the platform assembly, gyros, and

accelerometers

193



(2) The pulse rebalance, gyro torquer, and power supply unit, which contains the

electronics associated with the accelerometers

(3) The platform electronics unit, which contains the electronics associated with

the gyros ,
The inertial platform assembly uses four gimbals which provide a three-axis coordinate
system. The use of four gimbals, instead of three, allows complete rotation of all three
vehicle axes about the platform without gimbal lock. Gimbal lock is a condition in which
two axes coincide, causing loss of one degree of freedom. A gimbal diagram is shown
in figure VI-109. The azimuth gimbal is isolated from movements of the vehicle air-
frame by the other three gimbals. The inertial components (three gyros and three
accelerometers) are mounted on the azimuth or inner gimbal. A gyro and an acceler-
ometer are mounfed as a pair with their sensing axes parallel. The gyro and acceler-
ometer pairs are also alined on three mutually perpendicular (orthogonal) axes cor-
responding to the three axes of the platform.

The three gyros are identical and are of the single-degree-of-freedom, floated-
gimbal, rate integrating type. Each gyro monitors one of the three axes of the platform.
These gyros are elements of control loops, the sole purpose of which is to maintain
each axis fixed in inertial space. The output signal of each gyro is connected to a servo-
amplifier whose output controls a direct-drive torque motor which moves a gimbal of
the platform assembly. The orientation of the azimuth gimbal is fixed in inertial space,
and the other roll gimbal is attached to the vehicle. The angles between the gimbals
provide a means for transforming steering signals from inertial coordinates to vehicle
coordinates. The transformation is accomplished by electromechanical resolvers,
mounted between gimbals, to produce analog electrical signals proportional to the sine
and cosine functions of the gimbal angles. These electrical signals are used for an
analog solution of the mathematical equations for coordinate transformation by inter-
connecting the resolvers in a multiple resolver chain.

The three accelerometers are identical and are of the single-axis, viscous-damped,
hinged-pendulum type. The accelerometer associated with each axis measures the
change in vehicle velocity along that axis by responding to acceleration. Acceleration
of the vehicle causes the pendulum to move off center. The associated electronics then
produce precise current pulses to recenter the pendulum. These rebalance pulses are
either positive or negative depending on an increase or decrease in vehicle velocity.
These pulses, representing changes in velocity (incremental velocity), are then routed
to the navigation computer unit for cbmputation of vehicle velocity.

Proper flight operation requires alinement and calibration of the inertial measuring
unit during launch countdown. The aximuth of the platform, to which the desired flight
trajectory is referenced, is alined by ground-based optical equipment. The platform
is alined perpendicular to the local vertical by using the two accelerometers in the hor-
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izontal plane. Each gyro is calibrated to determine its characteristic constant torque
drift rate and mass unbalance along the input axis. The scale factor and zero bias offset
of each accelerometer are determined. These prelaunch-determined calibration con-
stants and scale factors are stored in the navigation computer for use during flight.

Navigation computer unit: The navigation computer unit is a serial, binary, digital
machine with a magnetic drum memory. The memory drum has a capacity of 2816 words
(25 bits per word) of permanent storage, 256 words of temporary storage, and six
special-purpose tracks. Permanent storage is prerecorded and cannot be altered by the
computer. The temporary storage is the working storage of the computer. Incremental
velocity pulses from the accelerometers are the information inputs to the navigation
computer. The operation of the navigation computer is controlled by the prerecorded
program. This program directs the computer to use the prelaunch equations, navigation
equations, and guidance equations.

The prelaunch equations establish the initial conditions for the navigation and guid-
ance equations. Initial conditions include (1) a reference trajectory; (2) launch site val-
ues of geographical position; and (3) initial values of navigation and guidance functions.
Based on these initial conditions, the guidance system starts flight operation approxi-
mately 9 seconds before lift-off.

The navigation equations are used to compute vehicle velocity and actual position.
Velocity is determined by algebraically summing the incremental velocity pulses from
the accelerometers. An integration is then performed on the computed velocity to de-
termine actual position. Corrections for the prelaunch-dete'rmined gyro and accelerom-
eter constants are also made during the velocity and position computation to improve the
navigation accuracy. For example, the velocity data derived from the accelerometer
measurements are adjusted to compensate for the accelerometer scale factors and zero
offset biases measured during the launch countdown. The direction of the velocity vector
is also adjusted to compensate for the gyro constant torque drift rates measured during
the launch countdown.

The guidance equations continually compare actual position and velocity with the
- position and velocity desired at the time of injection. Based on this position comparison,
steering signals are generated to guide the vehicle along an optimized flight path to obtain
the desired injection conditions. The guidance equations are used to generate eight dis-
crete commands: (1) booster engine cutoff, (2) sustainer engine cutoff backup, (3) Centaur
main engine first cutoff, (4) hydrogen peroxide settling engines cutoff, (5) B timer start
(Centaur main engine second start sequence), (6) Centaur main engine second cutoff,

(7) telemetry calibration on, and (8) telemetry calibration off. The booster engine cutoff
command and the sustainer engine cutoff backup commands are issued when the measured
vehicle acceleration equals predetermined values. The Centaur main engine first cutoff
command is issued when the vehicle orbital energy equals the energy required for injec-
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tion into the parking orbit. At this time the hydrogen peroxide engines are started. At
76 seconds after main engine first cutoff, the hydrogen peroxide settling engines cutoff
command is issued. The B timer start command is issued when the angle between the
position and target vectors, as computed by the guidance system, equals a prelaunch-
determined angle. When the measured vehicle orbital energy equals the predetermined
value required for injection into the proper lunar trajectory, the Centaur main engine
second cutoff command is issued. The telemetry calibration commands are issued at
fixed intervals after the B timer start command is issued.

During the booster phase of flight, the navigation computer supplies an incremental
pitch signal and the total yaw signal for steering the Atlas stage. From a series of pre-

~determined programs, one pitch program and one yaw program are selected based on
prelaunch upper-air wind soundings. The selected programs are entered and stored in
the computer during launch countdown. The programs consist of discrete pitch and yaw
turning rates for specified time intervals from T + 15 seconds until booster engine cutoff.
These programs permit changes to be made in the flight reference trajectory during
countdown to reduce anticipated aerodynamic heating and structural loading conditions on
the vehicle.

Signal conditioner unit: The signal conditioner unit is the link between the guidance
system and the vehicle telemetry system. This unit modifies and scales guidance system
parameters to match the input range of the telemetry system.

System performance. - The performance of all three guidance systems was excellent.
The system performances were evaluated in terms of the resultant flight trajectories and
the midcourse corrections that would have been required by the spacecrafts to impact
the targets for which the trajectories were designed. In addition, the issuance of dis-
crete commands, the operation of the guidance steering loops, gyro control loops, and
accelerometer loops, and other measurements were evaluated in terms of general per-
formance. Except where otherwise noted, all numbers indicative of performance are the
maximums seen on any of the three flights.

Trajectory and midcourse requirements: The accuracy of the AC-13, AC-14, and
AC-15 guidance systems was excellent. Parking orbit data and midcourse correction
requirements (20 hr after injection) are listed in the following table:
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Parking orbit data® and Units Flights

midcourse correction
requirements AC-13 |AC-14 |AC-15
Injection altitude (parking orbit) km 164.2 | 165.8 | 162.9
n,mi. | 88.6 | 89.5 | 87.9
Perigee parking altitude km 153.4 | 157.7 j 162.1
n.mi. 82.8 85.1 87.5
Apogee parking altitude km 164.4 |166.2 | 168.1
n.mi. 88.17 89.17 90.7
Coast time min 6.7 12.9 22.4
Midcourse correction - miss onlyb m/sec| 0.55 1.35 0.33
ft/sec 1.80 4.43 1.08
Midcourse correction - miss plus | m/sec| 1.21 2.21 1.21
time of flight® : ft/sec | -3.97 | 7.25 | 38.97

4These values are based on Centaur guidance data.

bMiss only denotes the velocity correction required to hit the pre-
flight aiming point.

®Miss plus time of flight denoctes the velocity correction required to
hit the aiming point at the specified time.

The parking orbit injection altitude, for all three flights, was designed to be 166.7+9.3
kilometers (90+5 n. mi.), based on the spacecraft heating and payload considerations.
The midcourse correction requirements were well within the established specification
that a Surveyor spacecraft would not be required to perform a midcourse correction
greater than 50 meters per second (164 ft/sec) for AC-13 and 30 meters per second
(98.4 ft/sec) for AC-14 and AC-15. The slight inaccuracies at injection were introduced
primarily by three main sources:

(1) Dispersions due to the computational limitations

(2) Dispersion between predicted and actual engine shutdown impulse

(3) Dispersions related to the guidance equipment limitations and to variations from

the predicted values of the thrust produced by the hydrogen peroxide engines

The landing conditions which would have resulted had no midcourse maneuvers been
made are listed in the following table:
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Units Landing conditions

Designed No midcourse correction

AC-13 | AC-14 | AC-15| AC-13 | AC-14 | AC-15

Selenographic latitude | ~-=--- 0.83°N |0.42°N [4.95% | 2.33°N | 3.24% [5.72%
Selenographic longitude | ------ 24.0°E |1.33°w|3.88°E]23.6°E | 0. 70°E |5.01°E
Unbraked impact velocity | m/sec 2642 2635 2660 2632 2635 2659
ft/sec 8668 | 8643| 8727| 8735| 8643 8723

Flight time to moon days 2 2 2 2 2 2
hr 15 16 18 15 16 18
min 27 26 25 28 26 33
sec 26.7 4.11 10.8 13.2| 43.38 4.6
Projected miss distance Jkm ~ | ——-ren | =cmeec] cemmnn 47.0 126 41.5
nomi. | cemmee ) o e 25.4 68 22.4

Performance of the guidance systems was not evaluated in terms of the midcourse cor-
rections actually executed. The actual midcourse corrections were different from those
required to impact the targets for which the trajectories were designed. New targets
were selected by the Surveyor Project to optimize the meeting of mission objectives. The
selections were based on actual measurements of spacecraft position and velocity.

Discrete commands: All discrete commands were issued properly. Table VI-22
lists the discretes, the criteria for the issuance of the discretes, and the computed values
at the time the discretes were issued. Actual and predicted times from lift-off are also
show, for reference only.

Guidance steering loop: The pitch and yaw steering signals issued by the guidance
system are proportional to the components of the steering vector (desired vehicle pointing
vector) along the vehicle pitch and yaw axes. In this section of the report, the steering
signals have been converted into the angular errors between the steering vector and the
vehicle roll axis (vehicle pointing vector) in the pitch and yaw planes.

Guidance steering was activated 8.0 seconds after the booster engine cutoff command.
At this time the steering signals were 6° (AC-15) or less. These vehicle attitude changes
were required to correct for errors accumulated during the booster phase of the flights
when the vehicles were under open-loop control. The steering signals were less than 1°
throughout the remainder of the sustainer phase of the flights. Guidance steering was
deactivated at sustainer engine cutoff in preparation for staging. When guidance steering
was reactivated, about 4 seconds after Centaur main engine first start, the steering
signals were 3° (AC-15) or less. During the remainder of the Centaur powered phase of
the flights, the steering signals were less than 1. 6°. During the coast phase of the flights,
the steering signals did not exceed 5° in pitch and in yaw. Guidance steering was deac-
tivated at Centaur main engine second start and was reactivated 4 seconds later. At this
time the steering signals were 50 (AC-15) or less. During the remainder of the Centaur
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powered phase of the flight, the steering signals were less than 1. 5°. Guidance steering
was deactivated at Centaur main engine second cutoff. Vehicle stabilization was main-
tained by rate gyros and the hydrogen peroxide attitude control system during the periods
of guidance deactivation except during spacecraft separation when the attitude control
systems were also deactivated. Steering was reactivated for the retromaneuvers. At
this time the steering signals commanded the vehicles to turn 180° with respect to the
vehicle velocity vector at injection. The signals caused the vehicles to pitch and yaw as
required to accomplish the turnaround maneuvers. The AC-13, AC-14, and AC-15 ve-
hicles turned 173°, 170°, and 172°, respectively.

Gyro control loops and accelerometer loops: The inertial platforms were stable
throughout the flights. The platform gimbal control loops operated satisfactorily. The
maximum displacement errors on any flight were less than 20 arc-seconds (the dynamic
accuracy tolerance was 60 arc-sec). Normal low-frequency oscillations (<2 Hz) were
observed in all gyro control loops. These oscillations are attributed to vehicle dynamics.
The accelerometer loops operated satisfactorily throughout the flights.

Other measurements: All of the guidance system signals and measurements which
were monitored during the flights were normal and indicated satisfactory operation of the
guidance systems.

Flight Control Systems

System description - Atlas. - The Atlas flight control system provides the primary
functions required for vehicle stabilization, control, execution of guidance steering
signals, and timed switching sequences.

The Atlas flight control system consists of the following major units:

(1) The displacement gyro unit consists of three single-degree-of-freedom, floated-
gimbal, rate integrating gyros and associated electronic circuitry for gain selection and
signal amplification. These gyros are mounted to the vehicle airframe in an orthogonal
triad configuration, the input axis of a gyro alined to its respective vehicle axis of pitch,
yaw, or roll,

Each gyro provides an electrical output signal proportional to the integral of the time rate
of change of angular displacement from the gyro reference axis.

(2) The rate gyro unit contains three single-degree-of-freedom, floated-gimbal, rate
gyros and associated electronic circuitry. These gyros are mounted in the same manner
as the displacement gyro unit. Each gyro provides an electrical output signal propor-
tional to the angular rate of rotation of the vehicle about the gyro input (reference) axis.

(3) The servoamplifier unit contains electronic circuitry to amplify, filter, integrate,
and algebraically sum engine position feedback signals with position and rate signals.
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The electrical outputs of this unit direct the hydraulic actuators, which in turn gimbal the
engines to provide thrust vector control.

(4) The programmer unit contains an electronic timer, arm-safe switch, high-,
low-, and medium-power electronic switches, the fixed pitch program, and circuitry to
set the roll program from launch ground equipment. The programmer issues discrete
commands to the following systems: other units of the Atlas flight control system, Atlas
propulsion and pneumatic systems, vehicle separation systems, and Centaur flight con-
trol and propulsion systems.

System performance - Atlas. - The flight control system performances were satis-
factory throughout the Atlas phase of the AC-13, AC-14, and AC-~15 flights and compared.
well with previous flights. The corrections required to control the vehicles because of
disturbances were well within the system capabilities. The vehicle dynamic responses
resulting from each flight event were evaluated in terms of amplitude, frequency, and
duration as observed on rate gyro data (table VI-23). In this table, the control capability
is the ratio of engine gimbal angle used to the available total engine gimbal angle, in
percent. The percent control capability used at the times of the flight events includes
that necessary for correction of the vehicle transient disturbances and for steady-state
requirements.

In the remainder of this section, all numbers indicative of performance are the
maximum seen on any of the three flights. The programmer was started at 42-inch
(1.1-m) rise, which occurred at approximately T + 1 second. At this time, the flight
control system began to gimbal the engines for vehicle control. The significant vehicle
transients were damped out within T + 4 seconds and required a maximum of 9 percent
(AC-14) of the control capability. The roll program was initiated at approximately
T + 2 seconds to roll the vehicles to the desired flight azimuths. The roll rate, which
depended on the launch pad and flight aximuth orientations, continued for approximately
13 seconds. The pitch program was initiated at T + 15 seconds. The subsequent pitch
rates varied for each flight according to its pitch program, which was selected in accord-
ance with launch-day upper-air wind data. Rate gyro data indicated that the periods of
maximum aerodynamic loading for the three flights were generally from T + 75 to
T + 90 seconds. During these periods, a maximum of 30 percent (AC-15) of the control
capability was required to overcome both steady-~state and transient loading. The Atlas
booster engines were cut off at approximately T + 153 seconds. The rates imparted to
any of the vehicles by this transient required a maximum of 12 percent (AC-14) of the
sustainer engine gimbal capability. The Atlas booster engines were jettisoned at about
3 seconds after booster engine cutoff. The rates imparted by this disturbance were
nearly damped out by the time Centaur guidance was admitted.

During the Atlas booster phase of the flights, the Atlas flight control system provided
the vehicle attitude reference. At approximately T + 161 seconds, the Centaur guidance
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system provided the attitude reference. For AC-13, AC-14, and AC-15, a maximum of
38 percent (AC-15) of the total control capability was required to move the vehicles to
the new references. The maximum vehicle rate transient during this change was a pitch
rate of 3.88 degrees per second (peak to peak), with a duration of 15 seconds (AC-15).
Insulation panels and nose fairings were jettisoned at average times of T + 197.7 and

T + 227.5, respectively. The observed vehicle rate transients caused by these disturb-
ances were damped within 8 seconds and required a maximum control capability of

13 percent (AC-13). Only small transients were observed at sustainer engine cutoff.
Atlas-Centaur separation was smooth with transient rates of less than 1.1 degrees per
second.

System description - Centaur. - The Centaur flight control system provides the
primary means for vehicle stabilization and control, execution of guidance steering
signals, and timed switching sequences for programmed flight events. A simplified
block diagram of the Centaur flight control system is shown in figure VI-110.

The Centaur flight control system consists of the following major units:

(1) The rate gyro unit contains three single-degree-of-freedom, floated-gimbal,
rate gyros with associated electronics for signal amplification. These gyros are mounted
to the vehicle in an orthogonal triad configuration, the input axis of each gyro alined to
its respective vehicle axis of pitch, yaw, or roll. Each gyro provides an electrical
output signal proportional to the angular rate of rotation of the vehicle about the gyro
input (reference) axis.

(2) The servoamplifier unit contains electronics to amplify, integrate, and alge-
braically sum engine position feedback signals with position and rate signals. The elec-
trical outputs of this unit direct the hydraulic actuators, which in turn control the gim-
baling of the engines. In additlon, this unit contains the logic circuitry controlling the
engines of the hydrogen peroxide attitude control system.

(3) The electromechanical timer unit contains a 400-hertz synchronous motor to
provide the time reference. Two timer units, designated A and B, are needed because
of the large number of discrete commands required for the parking orbit mission.

(4) The auxiliary electronics unit, which contains logic, relay switches, transistor
power switches, power supplies, and an arm-safe switch. The arm-safe switch elec-
trically isolates valves and pyrotechnic devices from control switches. The combination
of the electromechanical timer units and the auxiliary electronics unit issues discretes
to the following systems: other units of the flight control system and the propulsion,
pneumatic, hydraulic, separation, propellant utilization, telemetry, spacecraft, and
electrical systems. A

Vehicle steering during Centaur powered flight is by thrust vector control, through
gimbaling of the two main engines. There are two actuators for each engine to provide
pitch, yaw, and roll control. Pitch control is accomplished by moving both engines to-
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gether in the pitch plane. Yaw control is accomplished by moving both engines together
in the yaw plane, and roll control is accomplished by moving the engines differentially

in the yaw plane. Thus, the yaw actuator responds o an algebraically summed yaw-roll
command. By controlling the direction of thrust of the main engines, the first control
system maintains the flight of the vehicle on a trajectory directed by the guidance system.
After main engine cutoff, control of the vehicle is maintained by the flight control system,
using selected constant-thrust hydrogen peroxide engines. A more complete description
of the engines and the propellant supply for the attitude control system is presented in

the PROPULSION SYSTEMS section.

The logic circuitry which commands the 14 hydrogen peroxide engines, either on or
off, is contained in the servoamplifier unit of the flight control system. Figure VI-111
shows the alphanumeric designationsof the engines and their locations on the aft end of
the vehicle. Algebraically summed position and rate signals are the inputs to the logic
circuitry. The logic circuitry provides five modes of operation designated: all off,

| separate on, A and P separate on, V half on, and S half on. These modes of operation
are used during different periods of the flight that are controlled by the timer unit. A
summary of the modes of operation is presented in table VI-24. In this table, '‘thresh-
old'* designates the vehicle rate in degrees per second that has to be exceeded before the
engines are commanded on.

System performance - Centaur. - The Centaur flight control system performances
were satisfactory for AC-13, AC-14, and AC-15. Vehicle stabilization and control were
maintained throughout the flights. All events sequenced by the timers were executed at
the required time. The following evaluation is presented in paragraphs related to time-
sequences portions of the flights. Except where otherwise noted, all numbers indicative
of performance are the maximums seen in any of the three flights. For the typical time
periods of guidance - flight control modes of operation and attitude control system modes
of operation, refer to figure VI-106. Vehicle dynamics responses for selected flight
events are tabulated in table VI-23.

Sustainer cutoff to main engine first cutoff: The Centaur A timers were started ¢t
sustainer engine cutoff by discrete commands from the Atlas programmers. Appropriate
commands were issued to separate the Centaur stages from the Atlas stages and to ini-
tiate the main engine first firing sequences. There were no significant vehicle transients
during separation for any of the flights. Disturbance torques were created prior to main
engine start by boost pump exhaust and by chilldown flow through the main engines. Ve-
hicle control was maintained by gimbaling the main engines. The maximum angular rate
caused by main engine start transients was 3.23 degrees per second in pitch for AC-13.
For AC-14 and AC-15, the vehicle transients during main engine start were small, in-
dicating small differential impulses. When guidance steering was enabled, 4 seconds
after main engine start, the maximum steering command for the three flights was 3°
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in pitch (AC-15). Vehicle transients resulting from guidance steering enabling and main
engine start disturbances were damped out within 15 seconds in all three flights. Vehicle
steady-state angular rates during the periods of closed-loop control were less than

0.5 degree per second. The angular rates imparted to the vehicles at main engine first
cutoff were damped within 4 seconds. The maximum rate was measured in pitch and

was 2.02 degrees per second.

Main engine first cutoff to main engine second prestart: At main engine first cutoff,
the hydrogen peroxide attitude control systems were activated. During the coast period ‘
of the flights, the control requirements were well within the capabilities of the attitude
control systems. Except for periods of noisy data, the rates were less than 0.5 degree
per second.

Main engine second prestart to main engine second cutoff: The hydraulic recircu-
lating pumps were activated 28 seconds prior to main engine second start, and the
Centaur main engines were centered. The maximum angular rate observed at main
engine second start was 2.72 degrees per second about the pitch axis (AC-13). Prestart
and start operations resulted in a maximum vehicle attitude deviation of 20 in pitch
(AC-14) and 5° in yaw (AC-15). These attitude errors were corrected when guidance
steering was admitted approximately 4 seconds after main engine start. The control
capability used to control these disturbances was a maximum of 28 percent (AC-15).
Angular rates were low during the main engine second firing periods.

Main engine second cutoff to electrical power turnoff: At the time of Centaur main
engine second cutoff, guidance-generated steering signals were temporarily discontinued.
The hydrogen peroxide attitude control system quickly damped the low angular rates
created by the main engine cutoff transients to within the 0.2-degree-per-second control
threshold. The attitude control systems were deactivated for 5 seconds while the Sur-
veyor spacecraft was separated from Centaur. The deactivation of the attitude control
system during this time was to preclude a possibility of the Centaur interfering with the
spacecraft during the separation phase. Angular rates prior to the retromanéuver did
not exceed 0.60 degree per second. When the retromaneuver sequence was initiated, the
Centaur was commanded to turn approximately 180°. The attitude control systems were
activated to turn the vehicle to the new steering vector. Approximately halfway (900)
through the turnaround, the V engines were commanded to the V-half-on mode to provide
445 newtons (100 1bf) of thrust for 20 seconds. These maneuvers increased the lateral
separations between Centaur and the spacecraft and minimized impingement of the re-
sidual propellants on the spacecraft during the subsequent periods of retrothrust. Guid-
ance gimbal resolver data indicated that the AC-13 vehicle turned through an angle of
173° in 110 seconds. The other vehicles turned through smaller angles. Following ve-
hicle turnaround, the engine prestart valves were opened to allow the residual propellants
to discharge through the main engines. Coincident with this propellant discharge, the
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engine thrust chambers were gimbaled to aline the thrust vectors through the vehicle
centers of gravity. Impulse from the propellant discharge provided adequate separation
between Centaur and the Surveyor spacecraft. The minimum separation distance at the
end of 5 hours was 1423 kilometers (AC-15). This was more than four times the sepa-
ration distance required for a Surveyor mission.
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TABLE VI-24. - DESCRIPTION OF ATTITUDE CONTROL SYSTEM MODES OF OPERATIONS; AC-13, AC-14, AND AC-15

[V engines, 50 1b (222.4 N) thrust; S engines, 3.0 Ib (13.3 N) thrust; A engines, 3.5 Ib (15.6 N) thrust; P engines, 6.0 Ib (26.7 N) thrust.]

Mode Flight period Description
Al off 1. Powered phases This mode prevents the operation of all attitude control engines regardless of error signals.
2. 5 sec during spacecraft

separation sequence

Separate on|1. Main engine second cutoff | When in the separate on mode, a maximum of two A and two V engines and one P engine fire.
until start of spacecraft | These engines fire only when appropriate error signals surpass their respective threshold.
separation sequence A engines: when 0.2 deg/sec threshold is exceeded, suitable A engines fire to control in

2. End of lateral thrust yaw and roll. A1A4 and A2A3 combinations are inhibited.
during turnaround until

P engines: when 0.2 deg/sec threshold is exceeded, suitable P engine fires to control in
end of retrothrust

pitch. P1P2 combination is inhibited.
S engines: dff

V engines: when 0. 3 deg/sec threshold is exceeded, suitable engines fire (as a backup
for higher rates). V Vs and V,V, combinations are inhibited.

A and P End of spacecraft separation | This mode is the same as separate on mode, except V engines are inhibited.
separate on | sequence until start of
lateral thrust

V half on 1. Main engine first cutoff |A engines: when 0.2 deg/sec threshold is exceeded, suitable A engines fire to control in
until main engine first roll only.
cutoff plus 76 sec

2. Main engine second start
minus 40 sec until main

P engines: off

S engines: off

engine second start V engines: when there are no error signals, V2V4 combination fires continuously. This

3. During lateral thrust continuous firing serves various purposes: to settle propellants in flight periods
phase 1 and 2, to provide lateral and added longitudinal separation between Centaur

4. Last 100 sec prior to and spacecraft in flight period 3, and to deplete hydrogen peroxide supply in
Centaur power turnoff order to determine the amount of usable propellant remaining at end of mission

in flight period 4. When 0.2 deg/sec threshold is exceeded, a minimum of two
and a maximum of three V engines fire to control in pitch and yaw.

S half on 1. Main engine first cutoff |A engines: when 0.2 deg/sec threshold is exceeded, suitable A engines fire to control in
plus 76 sec until main roll only.

engine second start P engines: off
minus 40 sec .
S engines: when there are no error signals, SZS 4 combination fires continuously for

propellant retention purposes. When 0.2 deg/sec threshold is exceeded, a
minimum of two and a maximum of three S engines fire to control in pitch
and yaw.

V engines: when 0.3 deg/sec threshold is exceeded, a minimum of -one and a maximum of
two V engines fire to control in pitch and yaw. When a V engine fires, a
corresponding S engine is commanded off.
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Rate gyro

Reference Rate Enai ©
. ngine Vehicle .
aﬁ - Blectronics 1 actuator dynamics [ Flight
Vehicle angular rate
(a) Rate-stabilization-only mode,
Rate gyro
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axi_s.@_ _@_’ Electronics — \—1 actuator [ dynamics [~ Flight
Vehicle angular rate |
Rate integrating Angular displacement
(displacement) gyro or position
Vehicle position
Predetermined pitch
or roll program
(b} Rafe-stabilization-and-attitude-control mode.
Rate gyro
Reference
Rate . Engine Vehicle .
ax—’(is &—-—-—-——(%}—- Electronics r‘ actuators [*] dynamics [ Ffight

Vehicle angular

rate

T

Angular displacement or position transformed coordinates

i— ———————— 7
Desired vehicle finaf
position and direction
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Multiple
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I Actual vehicle present
i position and direction

Guidance system

{c) Rate-stabilization-and-quidance-control mode,

& Indicates an algebraic
summation point

~—= Indicates direction of
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Figure VI-105, - Block diagrams of quidance - flight control system operation; AC-13, AC-14,- and AC-15,
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Figure VI-107, - Simplified guidance and flight control systems interface; AC-13, AC-14, and AC-15,
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Gimbal torque motor drive
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Power supply
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Pulse rebalance, gyro [ ccelerometer retalance pulses
torquer, and power
supply "coupler" Power supply voitages
Vehicle power
Incremental velocity pulses
e L . Navigation
Excitation for steering signals computer
Steering signals (inertial coordinates)
From platform
electronics — Signal con-
From **coupler" — ditioner
/

Steering Vehicle power; Excitation Discrete Telemetry Booster steering
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Figure VI-108. - Simplified block diagrqm of Centaur guidance system; AC-13, AC-14, and AC-15,
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\\)

Case attached to vehicle ( \
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\—prism for optical

alinement

CD-10462-31

Figure VI-109, - Gimbal diagram. Launch orientation: inertial platform coordinates, U, V, and W;
vehicle coordinates, X, Y, and Z; AC-13, AC-14, and AC-15,
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Quadrant IV, Quadrant 1

+ Pitch rotation

-X X
Quadrant TI1 Quadrant IT J
Engines| Thrust
N Ibf
A | 15.6] 3.5
A3 P2 A2 2 ig; gg
222.4
Yaw rotation v 20
Y CD-9786-31
View from aft

(Z-axis into paper)

Figure VI-111. - Attitude engines alphanumeric designations and locations;
AC-13, AC-14, and AC-15, Signs of axes are convention for flight control

system.
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VII. CONCLUDING REMARKS

The AC-13, AC-14, and AC-15 launch vehicles were the last of a series of seven
operational Atlas-Centaur vehicles for the Surveyor lunar landing program. The final
launch (AC-15) with Surveyor VII took place on January 7, 1968. All seven launches
were completely successful. Two spacecraft, Surveyor II (AC-17) and Surveyor IV
(AC-11), failed to complete their missions. These failures were unrelated to the launch
vehicle.

The new uprated SLV-3C Atlas booster used on AC-13, AC-14, and AC-15 flights did
not cause any significant vibration changes in the spacecraft environment. For these
three missions, the largest midcourse velocity correction (miss plus time of flight) that
would have been required approximately 20 hours after injection for the spacecraft to im-
pact the designed target was required by AC-14 and was 2. 21 meters per second. (A
midcourse velocity correction of 2.21 m/sec at approx. 20 hr after injection corresponds
to 126 km on the lunar surface.)

The Centaur propulsion system performed satisfactorily on all flights. The AC-13
flight had the least propellant reserve of any of the three vehicles; if required, this re-
serve would have been sufficient to provide at least an additional 8.3 seconds of main
engine firing.

On the AC-14 vehicle, a momentary cavitation of the oxidizer boost pump occurred
at Centaur main engine second start. This cavitation probably resulted from insufficient
pressurization of the oxidizer tank. A change was made on the AC-15 vehicle to increase
the tank pressurization level just prior. to main engine second start. No evidence of
boost pump cavitation was observed on AC-15.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, June 4, 1969,
491-05-00-03-22.
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APPENDIX A

SUPPLEMENTAL FLIGHT, TRAJECTORY, AND PERFORMANCE DATA

by John J. Nieberding

Trajectory data for Atlas-Centaur (AC-13 and AC-14) launch vehicle flights are pre-
sented in tables A-1 to A-T and figures A-1 to A-10. These data are not discussed and
are presented for reference only.

Spacecraft Midcourse Velocity Correction

The midcourse velocity correction is a ground-commanded maneuver performed in
flight by the spacecraft to ensure arrival at the desired target, at the desired time, and

with the desired landing conditions.

velocity corrections and landing parameters for Surveyors V, VI, and VII:

The following table summarizes the midcourse

Surveyor| Time of Midcourse Midcourse Total Final Actual Time of touch-
correction, | correction correction midcourse planned lunar - |down on lunar
hr (miss only) (miss and correction targét touchdown surface
time of flight) coordinates, |coordinates,| (GMT)
deg deg
m/sec | ft/sec | m/sec {ft/sec {m/sec|ft/sec
v T +18 0.52 | 1.71 | 0.56 | 1.84 | 14.01 {45.96 0.93 N 1.41 N 00:46:44. 3
24.4 E 23.18 E 9/11/67
VI T +18.5 1.18 | 38.87 1.251 4.10 | 10.06 | 33.00 42N ATN 01:01:05.5
1.13wW 1.38W 11/10/67
vl T+ 17 11.05 |36.25 | 11.05 [36.25 | 11.08 [36.35 | 40.87 8§ 40.92 8 01:05:37.6
11.3TW 11.45W 1/10/68

The second column gives the aﬁproximate time after lift-off at which the midcourse

maneuver was performed. The third column gives the velocity correction required to hit
the final target. Hence, it is called the miss-only correction. In order to ensure the
proper arrival time as well as arrival at the final target, additional correction, known as
the miss-plus-time-of-flight correction, is required. This velocity correction is given
in column 4. In addition to arriving at the desired target at the desired time, it is
usually necessary to optimize the spacecraft unbraked impact speed prior to firing the
Surveyor braking motor and to optimize spacecraft propellant weight at retromotor burn-
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out. These optimizations require additional midcourse velocity correction. The total
correction performed to arrive at the final target (column 6) at the correct time with op-
timized spacecraft conditions is given in column 5. The actual touchdown locations and
touchdown times are included in columns 7 and 8, respectively.

The miss-only and miss-plus-time-of-flight corrections quoted above are not to be
confused with the miss-only and miss-plus-time-of-flight corrections used to evaluate
the accuracy with which the Centaur injected the spacecraft into the trajectory designed
prior to launch. Prior to launch, a particular target and associated arrival time are
selected. The spacecraft trajectory is then designed to meet these target conditions.
~ Centaur injection accuracy is then measured by the amount of the miss-only and miss-
plus-time-of-flight corrections required by the spacecraft to achieve these prelaunch
conditions. In reality, after launch, a new, more favorable target was usually selected.
This new target is the target quoted in column 6. The midcourse corrections relating to
this new target are those quoted in the table. The correction required to achieve the
prelaunch target conditions and, hence, those used to evaluate Centaur injection accur-
acy are quoted in the GUIDANCE AND FLIGHT CONTROL SYSTEMS section.

Countdown History
AC-13

The AC-13 countdown on September 8, 1967 was smooth and trouble-free until the
programmed hold at T - 5 minutes. The hold was extended an additional 18 minutes to
allow investigation of a low pressure indication on the system which stabilizes the vehicle
in the launcher. Analysis indicated that the system was satisfactory. The count was re-
sumed and proceeded to lift-off without difficulty.

AC-14

Lift-off of AC-14 occurred on November 7, 1967, 1.075 seconds after the planned
lift-off time of 0239 eastern standard time. The opening of the launch window was re-
vised from 0222 to 0239 eastern standard time after the start of the countdown to im-
prove downrange data coverage. This was accomplished by extending the T - 5 hold by
17 minutes. '

AC-15

The AC-15 countdown on January 7, 1968 was trouble-free. The planned 60-minute
hold at T - 90 minutes was extended 35 minutes to ensure optimum tracking coverage.
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TABLE A-1. - CENTAUR PARKING ORBIT PARAMETERS, AC-13 AND AC-14

Parameter® Units Flight value for -
AC-13 AC-14
Time from 2-inch motion sec 669.9 671.17
Epoch (GMT) hr 0808:10. 9 (Sept. 8, 1967) j0750:12. 8{Nov. 7, 1967)
Apogee altitude km 164.3 168.5
n. mi. 89.0 91.0
Perigee altitude km 157.4 159.3
n. mi. 85.0 86.0
Injection energy, Cg kr§12/se§2 -60. 82 -60.96
£t2/sec -65. 541x10 -65.62x10°
Semimajor axis km 6545 6539
n. mi 3534 3531
Eccentricity @ | ------ 0.00197 0.00065
Orbital inclination deg 29.833 28.982
Period min 87. 89 87.71
Inertial velocity at Centaur | m/sec 7753. 33 7863.03
main engine first cutoff ft/sec 25 437,43 25 797.33
Earth relative velocity at m/sec 1354, 80 7171, 24
Centaur main engine first | ft/sec 24 129.91 23 526.98
cutoff
Geocentric latitude at deg, North 29.813 28.676
Centaur main engine
first cutoff
Longitude at Centaur main | deg, West 59.671 59.514

engine first cutoff

%Based on tracking data.
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TABLE A-2. - SURVEYOR ORBIT PARAMETERS, AC-13 AND AC-14

Parameter Units Flight value for -
AC-13 AC-14
Time from 2-inch motion sec 1104.0 1470.0
Epoch (GMT) hr 0815:24. 95 (Sept. 8, 1967) | 0803:31. 1 (Nov. 7, 1967)
Apogee altitude km 549 654 684 614
n. mi, 296 789 369 662
Perigee altitude km 166.7 168.5
n. mi. 90.0 91.0
Injection energy, C, kr,nz/sec2 -1.417 -1.1428
it2/sec? -1.525x10" -1.23x10"
Semimajor axis km 281 289 348 169
n. mi. 151 884 188 320
Eccentricity 0.97673 0.98123
Orbital inclination deg - 29. 840 29.003
Injection (spacecraft separate)| deg 10.54 10.85
true anomaly
Injection (spacecraft separate)| deg 5.41 5,59
flight path angle
Period days 17.17 23.72
Longitude of ascending node deg 316.13 4,285
Argument of perigee deg 124.20 154.91
TABLE A-3. - CENTAUR POSTRETROMANEUVER ORBITAL PARAMETERS,
AC-13 AND AC-14
Parameter Units Flight value for -
AC-13 AC-14
Time from 2-inch motion| sec 3736.9 2644.8
Epoch (GMT) hr 0859:17. 9 (Sept. 8, 1967) | 0823:05. 9 (Nov. 7, 1967)
Apogee altitude km 346 3317 401 708
n. mi. 187 007 216 905
Perigee altitude | km 168.5 168.5
n. mi. 91.0 91.0
Injection energy, Cg kréxz/sezc2 -2, 2% -1. 9%
ft“/sec -2.3788%10 -2.06667x10
Semimajor axis km 179 631 207 317
n. mi. 96 993 111 942
Eccentricity - 0.96355 0.96842
Orbital inclination deg 29. 873 28.979
Period days 8.717 10. 87
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TABLE A-5. - ATLAS POSTFLIGHT VEHICLE WEIGHT SUMMARY,

AC-13 AND AC-14

Item Weight

AC-13 AC-14

1bm kg 1bm kg

Booster jettison weight:

Booster dry weight 6 380 2 894 6 324 2 869
Oxygen residual 554 251 554 251
Fuel (RP-1) residual 487 221 487 221
Unburned lubrication oil 22 10 21 9
Total T 443 3 376 7 386 3 350

Sustainer jettison weight:

Sustainer dry weight ‘ 6 060 2 749 6 112 2772
Oxygen residual 315 143 609 276
Fuel (RP-1) residual 355 161 236 107
Interstage adapter 1 046 474 1032 468
Unburned lubrication oil 16 ki 15 7
Total 7792 3534 8 004 3630

Flight expendables:

Main impulse fuel (RP-1) 83029 | 37661 | 83 381 | 37821
Main impulse oxygen 185 301 84 051 |185 279 | 84 041
Helium-panel purge 5 2 5 2
Oxygen vent loss 15 i 15 7
Lubrication oil 200 91 201 91
Total 268 550 | 121 812 |268 881 | 121 962

Ground expendables:

Fuel (RP-1) 529 240 496 225
Oxygen 1 665 755 1 593 723
Lubrication oil 3 1 4 2
Exterior ice 54 24 24 24
Liguid nitrogen in helium shrouds 250 113 250 113
Pre-ignition gaseous oxygen loss 450 204 450 204
Total 2 951 1 337 2 847 1291
Total Atlas tanked weight 286 736 | 130 061 {287 118 | 130 235
Minus ground run 2 951 1337 2 847 1291
Total Atlas weight at lift-off 283 785 | 128 722 (284 271 | 128 944
Spacecraft 2217 1 006 2 219 1 007

Total Atlas-Centaur -spacecraft lift-off weight | 323 949 { 146 941 [324 420 | 147 157

224



~juawrzadxs uorardep aprxoxad usdopiy UOISSTUNISOd

¢ 'GGLT + L 6°2GLI + L 99), + Z-SHIN xoa0a8ueys xamod ez18Jsuyg sour8ua 3urryes
mmwﬁwaw Sutppyes juerredoad juerredoad jae)s fssurdue
weys fsyuerredoad yenpised G656 + L 6996 + L ob - g2-SAN uonuajag jueriedoad doig
G 6e9T +.L 6°2G99T +.L 999 + g-SHIW anejua) jo 95IeYISIp PUN seurdus uonus}aI
sjuefredoad Tenpisax juerredoad jaeys ‘saurSus
G GOPT + L 6.°80FT + L 0°9T% + 2-SEN anejue) Jo 934BYISIP 1IBIS 67399 + L 6989 + L 9L + I-0DHIN Butpes jueredord dojg
saurgua . saurdua
G'088T +L | 67LZBT +L 0°1%g + ¢-SHN Burpyyes Juerredoad doig 0°.8¢ +1 6°6L8 + L 1-00dN Surtpes jueqredoad jaers
. sourdua (T-O0EN) FF0IN0
S 0181 + L 6°L0T1 +.L 0°12¢% + g-SHN Buryres jueriadoad jaels 0°L8G + L 6'6LG + L 1-00dN 18417 SUISUS UTEW JNBIUDD
GOLIT T L 6°LOIT + L 0°181 + g-SHIN punoJeuan) JIels (1-SHIW) 1ae1s
G G911 +.L 6°2911 + L 0°9LT + ¢-SAN ayeaedes jyexdededyg 8°L8e + L L°6G2 + L G'IT + ODHS }SJ17 SULBUS UTEWN INBIUDD
Teudts 2'8%¢ + 1L 1°0%¢ + L 6'T + 0038 uoryeredss Inejua)-SENY
0°PGIT +.L 6°TCIT +.L G9T + §-SHNW U0 J9PTWsSuBI) Jomod nwﬂm JowwexSoad pul:aittcie]
TeuSIS UO sBUUIUE 1IB)S {JJOIN0 SuUrSue JOTUISA
8 EeIT + L PIISIT + L S ¥p1 + C-SHN TEUOT}OBIIPIUIIO HOOTU[] g€ 9%c + 1L g8%C + L 00FS | {(00dS) Fomo surdue IsuUTRISNS
Teusts Jead Burpuel puanxe 2'82% + L 6822 + L g) +00dd Burarey ssou uosmjapL
9'eZIT + 1 6°021T + L $¢1 + 2-SHIN ‘reusis Surwae uorjeredasaad 0°6IZ + L G'GIZ + 1L 29 +0DHEd sdwnd 3500q TneIUD)) 1IRIS
33ojno 0861 + L G 86T + .L gy +0Ddg sTeued uUOTYEINSUT UOSTYIOL
9°¢011 + L 86601 *+ .L Z-ODHIN puooss surdus urew INeus) €961 + L 9961 + L 1°¢ +0DHd Sourdud I9}S00( UOSTHSL
sourdus ZeST + L ggeT + .1 00adg. (0D3g) Foo sutdue 193s00g
G686 + L 6986 + L 2-SAN Buryes juerradoad doyg 06l +.L 0°GT + L 0°6T +L Jeaoydid 3aelrs
(g-sdm) 11es 06l + 0L 0¢T + &L 0'¢I + L 1oz pug
G686 + L 6°986 + I ¢-SdAN puodes SUISUS UFRUI INBIUID 0¢+L 0'c+ L 0°'g+.L 1104 }I8)18
G196 + L 6866 + L 8C - ¢-SHN sdwnd js00q Inejua D 11818 0°0+L 0'0+.L 0°0+dL uorjowr ‘ur-g) Jjo-rI
298 bE] 098 098 pEL] 298

‘ouryy Tem3OV

‘owr} JySTIFLg

‘ot Jowwexdoxd

JUSAF

‘owy) Tenjoy

‘owrny JYSIFOId

‘owmy JowrwreSoad

FLEYY: )

$1-0V ‘QUOOTY SINHAE LHOITA - "9~V dTdVL

225



-quamrxadxe uonerdap aprxotad uadoapiy uorsSTUISod

gaurdus Jurilyes

6'8112 +L{ 6'8TIZ*+ 1 99L - g-SEAN asaooBueyo Jomod aziSaouy
LSoutdus Surnes juerradod yuerredoad jae)s (seurdus
11838 ‘sjueqjedoad [enpisal 6°CIEI + L 6¢IeT + L 0% - 2-SHN uoryusjaa yueadoxd doig
6°8102 +L| 6°8102 + L 999 + 2-SAN Ineuay) Jo 93.I8YosIp pud SoUT5Us UOQUBIaL
syueedoad Tenpisad juepiedoad jaels fsourdus
6°89LT + L 6°89LT + 1L 91y + g-SHIN INBJUSY) JO SJIBYDISIP 1IBIS 0°L89 + L €869 + 1L, 9L +1-0DEANW Surpes juerradoad doyg
souidus saurdus
6'€65T +L | 6°66ST +.L 0°1$2 + 2-SEAN Sumpes juerredosd doyg g 18s + L €'LLS + L 1 ODAN Burnes juerradoad 1ae1s
soutdua . (1-00EIW) FoINd
6°6L8T + L 6°ELGT + L 0°18g + g SAN Surtnes yuerradoad 3aeig ¢'18g + L €7LLE + L, 1-0D3FN 18413 SUIBUS UTBW INBIUDD
6°6881 + L 6°68GT + L 0°181 + % SAN punoIewIny 18IS (1-SEW) 11838
6°82GT +.L 6°82ST + L 6°9L1 + g-SHN . syexedas jyeroaoeds €°L88 + L £°09¢ + L §°11 +0DdS 381} SUIBUS UTBW INBIUDD
Teudts LLye + L L7062 + L 6°'1 +0DdS uorjeredas AnBUS)-SENRY
6°LISI +.L 6 LIS + L 691 + g-SAN uo Iayrwsuexy semod ySrH Jswurexford aneyua)
Teu8Is uo SeuuduUR }IB)S. {770IN0 SUISUS JISTUISA
¥ L6PT + L PUL6YT + L SPPI + ¢-SHIN TBUOT]D8JIPTUWO }O0TU() 8°¢kg + L 8'8%¢ + 1 0038 | ‘{(0DES) y3oImo suTSUS ISUTEISNG
Teusis JBo3 JurpuBy PuUAXS 1°922 + 1L 0°822 + .1 ¢l +0DEg Sutarey asou uosTIOL
6°98%1 + L 6°98%1 + L $e1 + 2-SHAN ‘reudts Sutwae uonjeIedosald A tAR N 9°GIZ +.IL Z9 + 0DAg sdwnd 1500 angUL }IBIS
3omo 0°861 +.L 9861 + L gy +0Ddd sToued UOTJEINSUT UOSTHOL
9°89%1 + L 0°99%T + L 2-O0dIN pUODds UIBUS UTBW INBJUSD €941 + L L7961 + L 1'¢ +0034 SOUI3US 19}S00( UOSINAL
soutsud 2881 + L 9°88T + L ooag (00ag) pomo durdus 1a)sood
6°2GET + L 6°Ca8T + L ¢-SHN Burmes yuelredoad doyg 0°61 + L eI+ L 0°6I + L Tasoyd Jaels
(2-SHI) 11E18 0°ST +.1L 06l + &L 0°GT + L J1ox pul
6°c4el + L 676981 T .1 ¢-SHN puodas SUTIUD UTBW INBIUSD 0¢+L 0'¢+d& 0'g+L TIox jxe1g
6 Peer + L 6'peeT + &L 82 - ¢-SHW sdwnd 3s00q INBIUSY }IEIS 0°0+&L 00+& 0°6+L (uonjowr ‘ui-g) Jjo-Prl
098 088 pEE] 098 098 288

‘owty [ENOY

‘omury YSIIFOId

‘o) JOWWRBIZOI

JUOAH

‘owmn Tenjoy

‘o) JysTiFeId

‘aWT) JoWWBIS0Id

JUSAg

$I-0V ‘QUOOTY SINITAT LHOITA - "L~V T1dVL

226



‘aanjedadwa) Jo LORIUN] SB BPNYY - 'T-Y 3Jnbid

P1-9v (@) €1-0V ()
, ¥, ‘eamedadwa) aptaydsowy
1149 014 0l (137 06¢ 0se 048 014 0Ly ocy 06¢ 06€
17 © 17 T 1T 11 _ 717 17 1T 1T 1T 1 T 1 _
N ‘adnjedadwsy dldaydsowy
062 0L 04e 14 012 061 01¢ 062 042 062 0ce 113 061
_ _ _ _ _ | I _ _ _ 0
— —ir
—_ —8
— 21
— —91
— —0¢
— b 174
| —{82
— —2€
[enyoy (@)
PaIoIPad

‘apninyy

wy

01

A

48

91

81

wu 'apnyy

227



-2anssaJd Jo uojouny se spNyNY - ‘Z-v aanbi4

FI-0¥ (4) ‘ €1-0v (8)
2 ‘aanssaad ojJaydsouwy
0002 0091 0021 008 00y 0 0012 0002 0091 0021 008 00p 0
] T § _ _ | r _ 1 _ _ _ _

ZWIN ‘aanssald otaaudsouny
01 8 9 4 4 0 a1 01 8 9 14 4 0

_ | _ | [

wy ‘spnpyly

ey O 4
pajaipadd

‘apninly

wu

228



‘paads puiM JO UORIUN} SB-3PNIYIY - “¢-Y 84nbld

PI-0V (@)

23S/} ‘pasds puim
081 091 148 021 001 08 09 oy 02 0

€1-0¥ ()

T 1T 111 1 1T ]I

29s/w ‘pasds puim
a5 8y O a€ 124 91 8 0

_ _

oy O

pajoipald

un ‘apnuuy

WU ‘apnyyly

229



“UINWize PUIM JO UOJJOUN] SB SPNUHY - -V 8Jnbid

T1-0Y @ | €10V (8)
YIION UI0J) SealBap ‘yinuize puimg
09¢ 00¢ 174 081 0ct 09 0 09¢ 00¢ V774 081 02t 09 0
[ oF== - 1 ]
llllllll o~ — ST 2 ok D)
o= = === ST S =0 ~O= =g
M ~ b
m - "
\
[N —t
ﬂ\
mm — —r
L> =
llllllllllll ot — - =0z
Owss=cz 2T \D
lllll [~ 0 f
R\ \ﬁﬂ L O/ -, o] QN
//
D I
{ ik
N
> og
\
- ~iZE
ey O
pelaIpe.d
— —0¢

uy ‘apnimy

o1

a

4

~191

81

lwu ‘apninly

230



Y1-0v (@)

0t

08

*3W} JO uoIBoUNy Se anssa.d siweukq - G-y 8nbid

op

e

€1-0V {®)

‘UonoUr ‘Uj-g ulod) aulll
0 002 091 02t 08

jenjoy
pajoIpa.d

_

_

T

07

‘aanssaad dweulq

ZWIN

001

00€

00

009

002

008

Z8/A1 ‘2anssaud ojueuhq

231



*3U1) JO UOKIUNJ SB ISquINU YJeW - *9-Y aInbi4

P1-0v @) €T-0V (B)
295 ‘UOROW ‘Ul-g WO} aulj)
091 0z1 08 117 0 002 091 021 08 oy
_ | _ _ _ I _ _ _
/ / S uojbas \_\_
N. Jono uoifie \ £ }joyno ajuosued) —
au1bua Ja)soog oluosuel]—/ | auibua sa1s00g

iemay O
pajolpa.d

punos jo paads 0y pasds Afe 8|91USA JO O}Rd “IBqINU Ydew

232



W1} 40 UOIIUNS SB J0}Iej Peoj |BIXY - “L-Y 84nbld

1~V (Q)
295 ‘UDROW ‘Ul-Z WOJ) dwlL
009 095 028 08y V4 00 09¢ 02¢ 082~ 00 002 091 021 08 o7 0
11 | _ _ _ I I I I _ [ _ I I
148)S 35414 au)bua ulew nBUIY— uosipal
fpued —uosimal 18)s008
uoneNsu]— 4 1
\ D
uoibas u_com:m;../
p “—uospyal
oo auhus Jauieysng — BuL112) BSON 7
\—4J01N2 35.4}4 BuUIBUB UlRW JNEIUBD
. —t €
, —i¥
®
.
—4
109 3u|Bus 18)5008 —
—9
€1-0v (8)
o ¢ 0
¢ I _ _ _ _ _ _ [ I
1IB)S 15413 BUIBUS UjBW INBUSD—" uos el
joued " - ~uosinal Jeysoog
O uone[nsuj— S -1
yojfat oluosupdL—
AY
yond auibua JeuleysNS—" . —uosiaf Iz
- 102 15413 aulBUS UlRW INBIAY Uildte} 350N
—it
—ly
femay (@] —lg
pajoipald

10In2 au1bua J81s00g —

233

JuBiamy(Beap - Jsnayy) ‘sicjoey peoj jeixy



Inertial velocity, ft/sec
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Figure A-8. - Inertial velocity as function of time.
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Figure A-9. - Altitude as function of surface range.
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APPENDIX B

CENTAUR ENGINE PERFORMANCE CALCULATIONS

by Ronald W. Ruedele

Flight values of engine thrust, engine specific impulse, and oxidizer to fuel mixture
ratio were calculated by using the Pratt & Whitney characteristic velocity (C*) iteration
and the Pratt & Whitney regression methods. The Pratt & Whitney techniques are used
to calculate individual engine performance at discrete times. These two calculation
techniques are discussed in the following sections.

PRATT & WHITNEY C* TECHNIQUE

This technique is an iteration process for determining engine performance parame-
ters. Flight data are used with calibration coefficients obtained from the engine accep-
tance tests. Calculations are made to determine C*, individual propellant weight flow
rates, and subsequently, specific impulse and engine thrust. The procedure is as fol-
lows:

(1) Calculate the hydrogen flow rate by using acceptance test calibration data and
venturi measurements of pressure and temperature as obtained from telemetry.

(2) Assume a given mixture ratio and calculate corresponding oxidizer flow rate and
total propellant flow rate.

(3) Obtain C* ideal from periormance curve as a function of mixture ratio.

(4) Correct to C* actual by using characteristic exit velocity efficiency factor ob-
tained from acceptance test results.

(5) Calculate total propellant flow rate, usipg C* actual:

PyAi8

wt= C*

where d’t is the total engine propellant flow rate, .Po is the measured chamber pres-
sure from telemetry, At is the thrust chamber throat area, g is the gravitational con-
stant (32. 17 ft/sec/sec), and C* is the characteristic (actual) exhaust velocity.

(6) Determine the mixture ratio by using the calculated total propellant flow rate and
the measured hydrogen flcw rate.

(7) Compare the calculated mixture ratio with that assumed in step (2).
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(8) If two values of mixture ratio do not agree, assume a new value of the mixture
ratio and repeat the process until agreement is obtained.

(9) When the correct mixture ratio is determined, obtain the ideal specific impulse
from the performance curve as a function of actual mixture ratio. ,

(10) Correct to actual specific impulse by using specific impulse efficiency factor
determined from acceptance test results.

(11) Calculate engine thrust as a product of propellant flow rate and specific impulse.

PRATT & WHITNEY AIRCRAFT REGRES SION TECHNIQUE

This program determines engine thrust, specific impulse, and propellant mixture
ratio from flight values of engine inlet pressures, engine inlet temperatures, and propel-
lant utilization valve angle. The program is strongly dependent on engine ground testing.
The method in which ground testing is correlated with the flight is as follows:

A large group of RL10A3-1 engines was ground tested. An average level of engine
performance was obtained as a function of engine pump pressures, inlet temperatures,
and the propellant utilization valve angle. During any specific engine acceptance test,
the differences in performance from this average level are noted.

Flight performance is then determined in two steps: (1) the average engine level of
performance is obtained for flight values of engine inlet conditions and propellant utiliza-
tion valve angle and (2) corrections are made for the difference between the average en-
gine level and the specific engine as noted during the engine acceptance test.
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